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ABSTRACT
The cell is a heterogenous, complex environment, while macromolecules are usually
studied in dilute solutions. Our lab, as well as many others, has identified several types
of weak, solvating, “quinary” interactions that change the behavior of enzymes. One group
of molecules that participate in weak interactions are osmolytes. Osmolytes are small
molecules involved in osmoregulation in the cell. Previous in vitro studies have identified
that osmolytes, including trehalose, preferentially interact with folate, thereby reducing
the association of the ligand to E. coli chromosomal and R67 plasmid dihydrofolate
reductases. We have employed vapor pressure osmometry to study the weak interactions
of trehalose with different atom types on folate. The study indicated trehalose
preferentially interacts with phosphate and amide oxygens, but is preferentially excluded
from the other atom types. We were able to calculate the predicted preferential interaction
coefficient of trehalose with folate and these results concurred with our experimental
results.
The effect of different osmolytes on the affinity of PtPP and pABA for dihydropteroate
synthase was measured by isothermal titration calorimetry. Trehalose and sucrose
weakened binding of PtPP to DHPS, and tightened pABA binding. The rest of the
osmolytes had opposite effects on ligand binding. The data suggested this pattern was
due to the preferential interaction of trehalose with PtPP and exclusion from pABA. For
the other osmolytes, there was preferential exclusion from pABA, but preferential
interaction with PtPP. Weak osmolyte interactions with ligands weakened their binding to
DHPS.
We employed an osmotic stress approach to understand the role and relevance of these
weak interactions between osmolytes and ligands in vivo. The activities of the enzymes
R67 dihydrofolate reductase, methylenetetrahydrofolate reductase, serine hydroxymethyl
transferase and chorismate mutase could be titrated by increasing osmotic stress. One
reason for titration of enzyme activity was that the osmolytes produced in the cell
participated in weak interactions with reduced folates, thereby preventing their
association to their respective enzyme. Lesser product formation led to decreased cell
growth in these auxotrophic cells. The titration of enzyme activity the cell with osmotic
stress indicates that the weak interactions between osmolytes in vitro may also occur in
vivo.
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1. INTRODUCTION AND GENERAL INFORMATION

1.1 Folic acid and its importance
Folate (Vitamin B9) is made up of a pteridine ring, a para-amino benzoate (pABA) moiety
and a glutamate tail (Figure 1.1). Most bacteria, plants and fungi synthesize folates using
guanosine triphosphate (GTP) and chorismate as the starting material. Higher animals
are unable to produce their own folates, rather they acquire them through dietary intake.
Tetrahydrofolate (THF) is a reduced form of folate that goes through a series of onecarbon transfer reactions that leads to the formation of essential amino acids and
nucleotide precursors. The enzymes that metabolize folates make up the folate cycle
pathway. A deficiency or malfunctioning of this pathway in humans can lead to various
diseases such as neural tube defects, cardiovascular diseases and cancer 1. Since
humans do not possess the enzymes to synthesize folates de novo, the folate
biosynthetic pathway is an attractive candidate for design of antibacterial drugs.
The folate cycle begins with the formation of the pterin ring using GTP as the precursor
2. The pterin ring undergoes various modifications to create an intermediate, 6hydroxymethyl-7, 8-dihydropterin pyrophosphate (H2PtPP). The next step involves the
cleavage of the pyrophosphate and joining of the pterin moiety to pABA to form
dihydropteroate. This reaction is catalyzed by dihydropteroate synthase (DHPS). Addition
of a glutamate tail to dihydropteroate leads to the formation of dihydrofolate (DHF). DHF
is reduced to THF through the action of dihydrofolate reductase (DHFR) using NADPH
as the cofactor. Other reduced folates are synthesized from THF and they feed into the
one carbon metabolic pathway according to the positioning of their carbon groups 2.
Serine hydroxymethyltransferase (SHMT) uses THF to convert serine into glycine along
with 5, 10-methyleneTHF. Methylenetetrahydrofolate reductase (MTHFR) catalyzes the
reduction of 5, 10-methyleneTHF to 5-methylTHF. Methionine synthase then forms
methionine using 5-methylTHF and homocysteine, this is how the folate cycle leads into
the methionine cycle 3. An abbreviated version of the folic acid pathway is shown in Figure
1.2.

1.2 Cellular crowding
My thesis focuses on understanding how the folate pathway enzymes function in the
presence of weak interactions in vivo and in vitro. The cellular environment of Escherichia
coli is complex, with a concentration of ~300 mg/l of macromolecules, which occupies an
estimated 30% of the cell volume 4. The enzyme kinetics of the folate pathway are typically
studied in vitro which is very different from the crowded cellular environment. Attractive
and repulsive forces between macromolecules exist in the cell and these affect cellular
reactions. The magnitude of the effects are strongly dependent upon the relative sizes,
shapes, and charges of concentrated crowding macromolecules 5.
Water molecules present at the binding surfaces influence the interactions between
macromolecules. Our lab studies the role of water on ligand and cofactor binding to

2

Figure 1.1: Structure of folate
The folate molecule has a pteridine ring, pABA ring and glutamate tail. The folate atoms are
numbered as per their position on the pteridine or pABA ring.

3

Figure 1.2: The folate pathway
GTP and chorismate serve as the precursors for the synthesis of the pteridine and pABA,
respectively. These molecules are fused to form dihydropteroate, to which a glutamate tail is
added, leading to the formation of dihydrofolate. Tetrahydrofolate is formed through the reduction
of dihydrofolate, and this feeds into the one carbon cycle needed for the synthesis of essential
amino acids and nucleotide precursors. The structures of reduced folates are shown in the
pathway with the enzymes highlighted in red and products in green.
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dihydrofolate reductase by adding osmolytes, small molecules that occupy space and
volume in a system, which can perturb water activity. Osmolytes act as a co-solvent and
can cause changes in the catalytic efficiency or binding properties of the enzyme.
Depending on the size and charge of the osmolyte, they can take up space and participate
in interactions. The nature of the interactions are osmolyte specific, for example: betaine
will weakly interact by cation-pi interactions whereas trehalose interacts by hydrogen
bonding. The shape and size of the osmolyte influences the degree to which the osmolyte
occupies volume in the environment. The volume occupied by one osmolyte excludes
other macromolecules from occupying the same space causing volume exclusion effects.
Volume exclusions influence the interactions between macromolecular species 6.
Increased volume occupancy is predicted to shift the equilibrium towards the bound
species. Osmolytes can also weakly interact with the ligands, or the protein surface, and
displace the water molecules causing an effect on the binding or catalytic properties.
The cell is composed of several biological macromolecules in a mixture of solutes and
water. Increase/decrease in the concentration of solutes (change in osmotic strength)
leads to osmosis of water in the direction opposite to the osmotic stress 7, 8. There are
two possible outcomes with the addition of osmotic stress to a hydrated macromolecule.
There could be exclusion of the osmolytes/solutes from the exposed macromolecular
surface due to preferences of groups/atoms on the protein to interact with water
compared to the osmolyte. The osmolytes can also be sterically excluded from cavities,
channels and grooves due to size effects, e.g. volume exclusion 6. These osmolytes thus
occupy space in the bulk water solution. An example of this is the preferential exclusion
of glycine betaine (also known as trimethylglycine) from the surface of DNA, specifically
from the anionic phosphate oxygens 9. A second scenario is the preferential interaction
of osmolytes/co-solutes with the surface of the macromolecule. Water molecules on the
surface of the macromolecule are replaced by osmolytes. This leads to an increase in
water in the bulk solution. An example of this is the preferential interaction of trehalose
with the phosphate oxygens on the lipids in a bilayer 10. Figure 1.3 shows a representation
of the preferential interaction or exclusion of the osmolytes from the protein surface.

1.3 Osmolytes of the cell and their function
Osmotic stress causes a change in the flux of water, cell volume, cytoplasmic membrane
tension and biopolymer concentrations in the cell. It also changes the turgor pressure,
which is the force exerted by water against the cell wall 11. Osmolytes, particularly those
known as osmoprotectants, are small molecules that are biosynthesized in cells as a
response to osmotic stress, as well as against dehydration and heat 12. There are three
classes of osmolytes: amino acids like proline and glutamate; polyols like glycerol,
trehalose and sucrose; and methylamines like trimethylamine N-oxide (TMAO) and
betaine 13. Figure 1.4 shows the structures of organic osmolytes present in bacterial cells.
There are various osmolytes present, with differing roles, during osmotic stress. The
concentration of osmolytes in the osmotically stressed cell is around 2 µmol/mg dry weight

5

Figure 1.3: Models for preferential exclusion (left panel) and preferential interaction (right
panel)
This figure shows a representation of the addition of osmolytes to a solvated enzyme. The
solvation layer is shown in light blue and the dark blue represents the bulk water. The enzyme is
represented in light orange. Osmolytes (pink stars) are excluded from the surface of the enzyme
and thus are present in the bulk solution (left panel), whereas if osmolytes prefer to interact with
the surface of the protein, then they replace the water molecules in the solvation shell (right panel).
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Figure 1.4: Biologically relevant osmolytes made in the cell during osmotic stress
The organic osmolytes help maintain turgor pressure during stress conditions preventing the loss
of cell integrity. They also help in maintaining the folded and native states of the proteins in the
cell. Urea is a protein denaturant that is present in cells.
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of the cell 18. The concentration of trehalose was found to be 0.36 µmol/mg dry weight
when it is the predominant osmolyte 18. Betaine, when predominant was found to be 1.17
µmol/mg dry weight of the cell 18. In exponentially growing E. coli, the intracellular
concentration of K+ ions increase from 0.15-0.55 M when the osmolality of the medium
increases from 0.1-1.2 Osm (osmolal / kg of solvent). Excess K+ in the cell is secreted to
the surrounding environment 8. In gram negative bacteria, glutamate levels increased up
to 10% under osmotic stress. E. coli has low intracellular proline levels when the medium
does not contain proline, but can uptake proline proportional to the osmotic strength of
medium 8. Glycine betaine is the most preferred osmolyte in E. coli. It is taken up from
the environment with the aid of transport systems 14 or synthesized from externally
supplied choline in a two-step reaction 15. Trehalose and glutamate are the major organic
osmolytes when E. coli is grown in minimal media with glucose 14. During osmotic stress
in minimal media with glucose as the carbon source, intracellular trehalose concentrations
increased about 40-fold in E. coli 16. The intracellular concentration of trehalose in E. coli
is about 20% of the osmolar concentration of solutes in the growth medium. Mutations
that result in a lower trehalose concentrations lead to an increase in sensitivity to osmotic
stress 17. Addition of exogenous glycine betaine and proline leads to suppression of
trehalose synthesis 8, 18.
The osmolytes not only help to maintain turgor pressure but also help in stabilizing
proteins. Stabilizing osmolytes are excluded from the protein surface forcing the
polypeptide to adopt a folded conformation with a minimal exposed surface area 19.
Osmolytes are also capable of reversing protein misfolding and/or aggregation and
modulating the activity of molecular chaperones 20. Most protein concentrations in E. coli
do not change with osmotic stress; however, MTHFR (an enzyme under study in Chapter
4) does have a two-fold decrease in protein levels 21.

1.4 Osmolyte studies with dihydrofolate reductase (DHFR)
Our lab is interested in studying the role of water in the activity of folate pathway enzymes.
If water was involved in binding or catalysis, its perturbation would affect the catalytic
properties of the enzyme. To study this, the effect of the addition of small molecule
osmolytes that perturb water activity was explored. The initial studies were done with
dihydrofolate reductase, the primary enzyme in the folate biosynthesis pathway.
Dihydrofolate reductase catalyzes the reduction of dihydrofolate to tetrahydrofolate using
NADPH as the cofactor. Isothermal titration calorimetry (ITC) can be used to study the
effect of ligand binding to an enzyme (Ka values), whereas steady state kinetics yields
information on how the osmolytes affect the kinetics (kcat and KM) of the enzyme. Previous
studies in our lab found that osmolytes affect ligand binding to three different scaffolds of
DHFR (E. coli chromosomal DHFR (EcDHFR) 22, R plasmid encoded DHFR (R67 DHFR)
23 and FolM, a pteridine reductase (PTR1) from E. coli 24) as indicated by ITC and steady
state kinetics.
The binding of NADPH to apo-R67 DHFR 23 became tighter in the presence of osmolytes,
and this effect is independent of the kind of osmolyte used (Figure 1.5A). Osmolytes
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Figure 1.5: Effect of osmolytes on ligand binding to R67 DHFR
A: The association of NADPH to R67 DHFR tightened in the presence of osmolytes as monitored
by ITC. B: ITC binding data show that the association of DHF to the R67 DHFR-NADP+ complex
weakens in the presence of osmolytes and the effects are dependent on the type of osmolyte. C:
Steady state kinetic data of the reduction of DHF by R67 DHFR-NADPH. There is a decrease in
the catalytic efficiency of the enzyme with increasing osmolyte concentrations. The osmolytes are
shown as buffer (), glycerol (), ethylene glycol (), TMAO (), sucrose (), glycine betaine
() and PEG400 ( ) 23.
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prefer to be excluded from NADPH leading to its tighter association with enzyme at low
water activity. This has been attributed to the lowering of the desolvation penalty
associated with complex formation. On the other hand, weaker binding of the DHF to R67
DHFR occurs with increasing concentration of the osmolyte (Figure 1.5B). Polyethylene
glycol 400 (PEG 400) has a steeper slope than the rest of the osmolytes. If crowding or
volume exclusion is responsible for these effects, then NADPH binding should be affected
in a similar manner. NADPH binding to R67 DHFR tightens in the presence of PEG400,
hence ruling out crowding effects. Furthermore, kinetics for the reduction of DHF indicate
that the efficiency of the enzyme decreases with increasing osmolyte concentrations, and
the effect was dependent upon the osmolyte (Figure 1.5C). Osmolytes did not affect the
enzyme catalytic turnover values, kcats, but the DHF KMs increase significantly in the
presence of osmolytes.
One possible reason that the osmolytes could be affecting DHF binding to R67 DHFR is
by interacting with the enzyme through preferential interactions and changing its
properties such as fold, oligomerization state or the stability. R67 DHFR possesses 222
symmetry wherein a single active site pore allows binding of both the ligand and the
cofactor. Thus the same site can be occupied by either the ligand or the cofactor 25. As
DHF and NADPH bind to symmetry related residues on opposite sides of the active site
pore, if osmolyte were to interact with enzyme at the active site surface, then should have
the same effect on both NADPH and DHF binding. Either binding should be weaker for
both substrate and cofactor, or binding should get tighter for both ligands. However,
osmolytes have opposing effects on the binding of the substrate and cofactor to R67
DHFR. Thus, it was concluded that the effects on ligand binding are not due to the
interaction of the osmolytes with R67 DHFR, but due to their interaction with DHF.
Since osmolytes interact with DHF, and hinder its association to R67 DHFR, these effects
should hold true for other enzymes that utilize DHF as a substrate. EcDHFR catalyzes
the dihydrofolate reductase reaction but has a different sequence and structure than R67
DHFR. ITC measurements of DHF binding to EcDHFR indicate weakened affinity in the
presence of osmolytes 22.
Similar results with a pteridine reductase, FolM, which possesses weak DHFR activity,
additionally indicate the osmolytes interact with DHF. Methotrexate is an antifolate which
binds DHFR and competitively inhibits it. The effects of osmolytes on binding of
methotrexate (MTX) to FolM indicates MTX binding is weaker in the presence of
osmolytes 24. In all these dihydrofolate reductases, the Kd for dihydrofolate increases in
the presence of osmolytes and supports our model shown in Figure 1.6 where osmolytes
preferentially interact with DHF, hindering its association to the enzyme.
These studies lead to the proposal of a preferential interaction model of osmolytes with
DHF (Figure 1.6). In this model, osmolytes compete with, and displace, water molecules
in the solvation shell of the ligand. If removal of the osmolytes requires more energy than
removal of water, this leads to the shifting of the binding equilibrium towards the formation
of free enzyme and DHF species. The binding affinity of DHF to dihydrofolate reductase
is reduced in presence of osmolytes.
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Figure 1.6: Model of the preferential interaction of osmolytes with folate
The top panel depicts the binding of ligand by the enzyme in a dilute buffer condition. The ligand
and enzyme are solvated with water molecules (). In order for the enzyme-ligand complex to
form, the water molecules from the interface are removed. The bottom panel depicts the case
where osmolytes () interact with specific functional groups on the ligand (shown in our previous
osmolyte studies and discussed in section 1.5). There has to be removal of not only the water
molecules but also the osmolytes for the complex to form. If the osmolytes bind more tightly than
water, this leads to lowering of the association, shifting the binding equilibrium towards the free
enzyme and ligand species 24.
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1.5 Preferential interactions between folate and osmolytes
Folate has a greater stability than dihydrofolate and it has been routinely used in the
biophysical studies in place of DHF. Nuclear magnetic resonance (NMR) and vapor
pressure osmometry (VPO) studies have helped explore the interactions of folate with
betaine 26,27. At higher concentrations folate dimerizes in a fully “stretched out”
conformation at neutral pH 28. The pterin ring of one folate and the pABA ring of the
second folate participate in -stacking interactions, whereas the negatively charged
glutamate tails move freely in solution away from the complex 28. The negatively charged
carboxyl group of glutamate projects outward preventing formation of higher oligomers 28.
NMR studies indicate that betaine increases the folate dimerization K d by preferentially
interacting with the folate monomer. Nuclear Overhauser effect (NOE) spectroscopy
results indicate that the bonds between the pterin and pABA rings are less dynamic in the
presence of betaine, which suggests the osmolyte interacting with the pABA benzoyl ring
27.
Deuterated osmolytes are needed to perform NMR experiments, and thus make it an
expensive technique to study the weak interactions with folates. Moreover, there are a
limited number of protons on the pterin ring in folate that makes it hard to determine the
nature of osmolyte-folate interactions. VPO can be used to detect the interactions of cosolvents with compounds containing different functional groups.
This technique predicts if an osmolyte/co-solute prefers to interact or be excluded from a
compound, and has been use for the osmolytes: glycine betaine 9, 26 , proline 29, urea 30,
glycerol 31 and trehalose 10, 32 .

1.6 Vapor pressure osmometry
The VPO can be used to measure the preference of a compound to interact with osmolyte
as compared to water in a three-component solution system: (1-water, 2-compound, 3osmolyte)9. Three different types of solutions are made for measuring the interactions in
a three-component system:test compound in water (m2), osmolyte in water (m3), mixture
of test compound and osmolyte solution (in the same molalities tested in the m 2, m3
solutions)
There are two possible scenarios that can occur with interaction of osmolyte with the test
compound (Figure 1.7 A). If osmolyte prefers to interact with certain functional groups on
the compound, the solvating water molecules will be displaced, leading to an increase in
the bulk water concentration. This decreases the solution osmolality in relation to the sum
of the two component solutions. On the other hand, if osmolyte prefers to be excluded
from a certain functional group(s) (or the functional group(s) prefers water over the
osmolyte), the osmolyte concentration in the bulk solution will increase. This would
increase the osmolality of the three component solution with respect to the two
component solutions.
12

Figure 1.7: Vapor Pressure Osmometry principle
A. Cartoon representation of preferential interaction or exclusion of trehalose () from functional
groups on folate. Trehalose molecules can preferentially interact with certain functional groups
and displace the water into the bulk solution, decreasing the osmolality of the solution (left). On
the other hand, trehalose molecules can be excluded from functional groups on folate, causing a
decrease in bulk water concentration and an increase in osmolality (right).
B. Change in the osmolality of the two component or three solutions with respect to trehalose
molality. Representative plots of trehalose () and test compound () only solutions are shown.
Examples are given of what the VPO data would look like if trehalose preferentially interacts with
a small molecule (), is excluded (), or there is no preference for the small molecule to interact
with trehalose versus water ().
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The two component systems are the contributions to the osmolality from the individual
components. The three component system gives the net osmolality taking into account
the favorable/unfavorable interactions between osmolyte and test compound. If the
osmolality of the three component system is equal to the sum of the osmolalities of both
of the two component systems, then there are no net effective interactions. However, if
the sum of the two component solutions is different than the osmolality of the threecomponent solution, then it indicates interaction or exclusion. The osmolalities obtained
from the three solutions is then plotted versus the molality of the osmolyte (Figure 1.7B).
To determine if the osmolytes interact with the test compounds, the osmolalities from the
three component systems (water, osmolyte, test compound) are subtracted from the
osmolalities of the two component systems (osmolyte in water and test compound in
water). The difference in osmolality (∆Osm) is plotted against the product of the molalities
of osmolyte and test compound. The slope of the graph is the preferential interaction
coefficient
ΔOsm = Osm(m2, m3)−Osm(m2, 0)−Osm(0, m3) Eq: 1.1
ΔOsm ≅ (μ23RT)m2m3

Eq:1.2

where ΔOsm is the difference in the osmolalities; m 2 and m3 are molal concentrations of
test compound and osmolyte, respectively; and µ23/RT (the preferential interaction
coefficient) is the relative chemical potential of the test compound in osmolyte 9.
During associative interactions between osmolyte and test compound, the osmolality of
the three-component solution will be lower than the sum of the osmolalities of the
individual component solutions. Thus, the slope of the graph, and µ 23/RT value, will be
negative. In the case where there are unfavorable interactions, the osmolality of the threecomponent solution will be higher than the osmolalities of the individual component
solutions. The slope, and the µ23/RT value, will be positive. A µ23/RT value of zero
indicates that the net effective interactions between osmolyte and test compound are
equivalent, and that water and osmolyte both associate with the test compound to the
same extent.

1.6.1 Predicting µ23/RT values
Preferential interaction coefficients of an osmolyte with any compound can be predicted
based on the interactions of the osmolyte with a set of test compounds. A set of 20, or
more, model compounds with different atom types and functional groups can be used to
create a data set of interactions between the osmolyte and each type of atom. The
functional groups of the model compounds contain phosphates, amides, carboxylates,
hydroxyls, aliphatic and aromatic moieties. Preferential interaction values are additive
contributions arising from favorable/unfavorable interactions of each surface exposed
atom type with the osmolyte. The interactions of each atom type is dependent upon the
solvent exposed surface area of the atom. The accessible surface area of the differential
functional groups on the test compound is determined by the Surface Racer program 33
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and the preferential interaction coefficient is deconvoluted into atomistic interaction
potential (α values). From these α values, the preferential interaction coefficient can be
calculated for any molecule based on its structure.
Atomistic interaction values have been determined most extensively for glycine betaine 9,
26. Betaine preferentially interacts with aromatic carbons, amide nitrogens and cationic
nitrogens and is excluded from carboxylate, phosphate and amide oxygens. This explains
why betaine prefers to be away from protein surfaces and helps in maintaining the folded
state 9. VPO studies in our lab added to the Record group study by exploring interactions
of betaine with model compounds representing the functional groups on folate. Betaine
preferentially is excluded by the nitrogen in the pterin ring but prefers to interact with
amine nitrogens off of aromatic rings 26. Preferential interaction coefficients can be
predicted for proline 29, glycerol 31, polyethylene glycols 31, and trehalose 10 as well (Table
1.1).

1.7 Trehalose as an osmolyte
E. coli increase the production of compatible solutes called osmoprotectants under stress
conditions 8. The osmolytes are used, in part, to combat turgor pressure during osmotic
stress. Glycine betaine and proline are the predominant osmolytes when they are present
in the surrounding environment. But in cases of nutrient limitation, trehalose (a
disaccharide composed of two α-(1-1)-α linked D-glucose units) is the predominant
osmolyte in the cell 14. It can form up to 20% dry mass in some organisms and allow them
to survive dehydration and metabolic dormant conditions. Trehalose is predicted to form
extensive hydrogen bonds (H-bonds) with water, and forms a glass matrix in the
cytoplasm which reduces the structural fluctuations of the biopolymers 34, 35. There are
several mechanisms through which trehalose can stabilize proteins. Trehalose increases
the surface tension of solutions. Protein-solvent interfacial tension is the change in
surface tension of the solvent when a protein molecule is introduced in the system.
Trehalose is excluded from the surface of proteins and increases the protein-solvent
interfacial tension 34, 36. In another possible mechanism, trehalose may favor the folded
state by increasing the free energy of the denatured state. It is proposed that trehalose
interacts favorably with polar side chains of proteins but unfavorably with apolar side
chains and the peptide backbone 37. It is excluded from the surfaces of hydrophobic
groups. Therefore, as the hydrophobic core becomes exposed to the solvent upon
unfolding, trehalose is excluded from more of the protein surface. This is energetically
unfavorable, which decreases the stability of the unfolded state.
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Table 1.1 Atomistic interaction coefficients of trehalose, betaine, proline, glycerol, TEG
and PEG400 with different atom types.
α values ( x104 m-1 Å-2)a
Trehalose

Betaine

Proline

Glycerol

TEG

PEG400
(ex)b

PEG400
(in)b

Aliphatic Carbon

22.4 ± 0.8

-3 ± 1

5.3 ± 1.3

0.9 ± 0.2

-5.9 ± 0.5

-0.1 ± 0.1

-1.9 ± 0.2

Hydroxyl Oxygen

-0.8 ± 0.7

7±1

-0.7 ± 1.3

0.5 ± 0.1

14 ± 1

0.4 ± 0.4

4.6 ± 0.2

Amide Oxygen

-19.6 ± 5.4

49 ± 3

14.5 ± 4.5

14 ± 1

50 ± 2

12 ± 1

13 ± 1

Amide Nitrogen

-4.7 ± 2.2

-33 ± 2

-11.8 ± 3.2

-8.3 ±0.6

-28 ± 1

-7.0 ± 0.5

-7.1 ± 0.4

Carboxylate oxygen

-28.2 ± 2.1

28 ± 1

16.6 ± 4.3

7.9 ± 0.1

61 ± 1

6.7 ± 0.4

18 ± 1

Carboxylic acid
oxygen

NDc

ND

ND

0.8 ± 0.1

-6.9 ± 0.7

0.6 ± 0.6

-2.5 ± 0.2

Cationic nitrogen

12.9 ± 2.1

-14 ± 1

-12.6 ± 4.3

-4.2 ± 0.3

-14 ± 1

-3.5 ± 0.3

-3.4 ± 0.2

Aromatic carbon

5.9 ± 1.5 or
-8.9 ± 1.6

-31 ± 1

-9.2 ± 0.9

-7.3 ± 0.2

-45 ± 1

-6.2 ±0.2

-3.1 ± 1

Phosphate oxygen

-59.2 ± 5.1

48 ± 2

18.0 ± 5.2

ND

ND

ND

ND

Amine nitrogen off
the aromatic ring

ND

-53 ± 3

ND

ND

ND

ND

ND

Aromatic nitrogen

ND

27 ± 3

ND

ND

ND

ND

ND

The data are compiled from refs 9, 10, 26, 29, 31
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1.8 Clustering behavior of trehalose
Trehalose interacts with the surrounding water molecules primarily via its 8 hydroxyl
groups, which may also mediate trehalose-trehalose contacts 34. Osmometry and
molecular dynamics simulation studies by Sapir and Harries look at the effect of
increasing trehalose concentration on its self-association in water 38. Trehalose was found
to have a cluster percolation threshold at concentrations above 1.5 m. There was positive
deviation from ideality which increased with concentration. Trehalose molecules selfassociate through intermolecular H-bonds and repel other trehalose clusters via volume
exclusion effects 38. Trehalose is also proposed to associate with water molecules through
H-bond networks. The intermolecular H-bonds dominate the trehalose-trehalose
attraction, while there is an excluded volume effect that leads to mutual repulsion between
clusters of trehalose molecules. Both these forces are responsible for the self-association
and clustering behavior of trehalose.

1.9 Osmometry studies with trehalose
Previous osmometry studies to determine the preferential interaction of trehalose with 20
test compounds by Hong et al 10 conclude that trehalose interacts with amides,
carboxylates and phosphate oxygens. In contrast, trehalose is preferentially excluded
from aliphatic carbon group. The free energy of unfolded state of protein is increased in
the presence of trehalose. Also, trehalose is predicted to stay away from hydrophobic
groups. This fits in with the predicted preferential exclusion of trehalose from the aliphatic
groups. One drawback to this study is that it uses only a few representative compounds
for each atom type in this analysis. The results for aromatic carbons, using phenylalanine,
sodium benzoate, 4-hydroxylbenzyl alcohol (4BA) and histidine as model compounds,
were inconclusive. There is no distinction made between aromatic carbons and aromatic
nitrogens. They predict aromatic carbons exclude trehalose on the basis of data from
phenylalanine and sodium benzoate. Conversely, they predict aromatic carbons and
nitrogens preferentially interact with trehalose based on results for histidine and 4BA.
Since the pteridine ring and pABA ring of folate have aromatic groups, we choose to
extend their experiments with 50 additional test compounds, with an emphasis on 10
heterocyclic and 9 non-heterocyclic aromatic compounds. We characterize and quantify
the weak interactions of trehalose with compounds with varying functional groups (Figure
1.8). The VPO experiment is set up as described above (Section 1.6).
Based on α values, microscopic local bulk partition coefficient of the compound in water
and a particular osmolyte is determined 31. It predicts the accumulation of exclusion of the
solution from the surface of a particular functional group. A K p value of more than 1 is
indicative of the osmolyte accumulation around the surface of the compound whereas a
value of less than 1 is indicative of osmolyte exclusion from that surface of the compound.
The partition coefficient of trehalose and betaine with folate indicate the two osmolytes
interact very differently with folate (Figure 1.9).
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Figure 1.8: Similarity in functional groups between model compounds and folate
Some of the model compounds to be used in our study due to their similarity to functional groups
found on the folate molecule. For example, in order to study how trehalose interacts with
carboxylate groups present in the glutamate tail in folate, osmometry experiments will be
conducted with several amino acids and citrate salts. Some of the test compounds used are color
coded to represent the functional groups present on the folate molecule. In order to study the
contributions arising from aromatic carbons, sodium benzoate and p-amino benzoate (shown in
yellow) were for the osmometry studies.
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Figure 1.9: Partition coefficient (Kp) values
A: Trehalose and B: Betaine with folate using the atomistic coefficient values from refs 9, 10, 26.
Trehalose preferentially excludes aromatic carbons whereas betaine preferentially interacts with
it. Another example being trehalose preferentially interacts with carboxylate oxygens, whereas
betaine preferentially excludes it.
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1.10 Use of VPO for other osmolytes
VPO has been used to study the interaction of several other osmolytes with sets of model
compounds. Urea preferentially interacts with amide backbones and aliphatic and
aromatic compounds reflecting on its tendency to denature proteins 30. Glycerol
preferentially excludes aliphatic carbons and amide oxygens and can thus serve as
excellent protein stabilizers 31. PEG400 preferentially interacts with cationic and amide
nitrogens and aromatic carbons, but excludes carboxylate and hydroxyl oxygens and
aliphatic carbons 31. On the other hand, TEG preferentially excludes hydroxyl and amide
oxygens but interacts with rest of the functional groups. TEG was found to be the only
osmolyte that preferentially interacts with aliphatic carbon 31.

1.11 Differential interactions of osmolytes
The atomistic interaction coefficients are derived from the interaction of several osmolytes
with compounds containing differential functional groups. A closer look into these
coefficients shows that certain functional groups have contrasting effects with different
osmolytes (Table 1.1). For example, trehalose prefers to interact with phosphate groups
whereas betaine prefers to exclude them 9, 10, 26.
These differential interactions by osmolytes are relevant in the cell since glycine betaine
is the preferred osmolyte under stress, but under nutrient limiting conditions, trehalose is
the predominant osmoprotectant. Thus changes in the environment outside of the cell
would affect the osmolyte concentration and identity in the cell. This may influence the
macromolecules and their function depending on the extent of the weak
interactions/repulsions. For example, previous studies in the lab have predicted
interaction of osmolytes with reduced folates 22-24. To understand the effect an osmolyte
might have on a folate pathway ligand with phosphate groups, we calculate the
preferential interaction coefficients for the ligands of dihydropteroate synthase (DHPS).
This was done by calculating the solvent accessible surface areas of the functional groups
on the ligands and multiplying them with the atomistic interaction coefficients. One of the
ligands of this enzyme has a pyrophosphate moiety and we predict that trehalose will
weaken its binding to the enzyme, while binding will get tighter in the presence of betaine.

1.12 Dihydropteroate synthase
Dihydropteroate synthase enzyme is needed for the synthesis of denovo folates. Pteroate
is then glutamylated and enters the folate biosynthesis pathway for the formation of
dihydrofolate. Humans do not have the folate synthesis pathway enzymes and hence
cannot synthesize folate, and thus DHPS serves as an intriguing antibacterial drug target.
Alignment of the DHPS sequences from pathogenic organisms in ClustalW, indicates
there is only 40-45% sequence identity amongst them (Figure 1.10). Though, DHPS has
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Figure 1.10: Sequence alignment of DHPS from pathogenic bacteria using Clustal W
There is 40-45% sequence identity, but the enzyme fold and ligand recognition sites are
conserved amongst these organisms. * represents conserved amino acid residues, - represents
gaps in sequences, • represents change of the amino acid seen in one species and : is change
of the amino acid seen in multiple species.
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a conserved structure in most pathogenic microorganisms. DHPS is a dimeric (α/β)8 TIM
barrel protein (Figure 1.11) 39-44. Dihydropteroate synthase (DHPS) catalyzes the
condensation of 6-hydroxymethyl-7, 8-dihydropterin pyrophosphate (H2PtPP) and pABA
to form dihydropteroate 39. H2PtPP binds and forms a cationic pterin intermediate upon
cleavage of the pyrophosphate group 41. Formation of this carbocation intermediate has
been reported to be the rate determining step of the reaction 40, 41. The leaving
pyrophosphate group is coordinated with a magnesium ion present in the active site.
Formation of this intermediate also leads to a rearrangement of loops 1 and 2, which
creates a binding site for pABA. Thus ligand binding occurs in an ordered fashion 41, 45.
The carbocation pterin intermediate reacts with incoming pABA to form dihydropteroate
39, 41.

1.12.1

Bifunctional DHPS

In certain pathogenic bacteria, DHPS is fused to 6-hydroxymethyl-7, 8-dihydropterin
pyrophosphokinase (HPPK) 46-48, HPPK catalyzes the previous step in the folate pathway.
The pterin recognition site is similar to its monofunctional forms. There are distinct pterin
binding sites in both HPPK and DHPS 47, 48. It is predicted that close proximity of the two
enzymes helps transfer the substrates and products to the next reaction 46.
In fungi and Saccharomyces cerevisiae, DHPS is fused to two other genes, HPPK and
dihydroneopterin aldolase to form a trifunctional enzyme. The DHPS active site structure
is similar to that seen in its monofunctional forms 49. Dihydroneopterin aldolase catalyzes
the conversion of dihydroneopterin to 6-hydroxymethyl-7, 8-dihydropterin. The latter is
the substrate for HPPK.

1.13 Bacillus anthracis DHPS
Bacillus anthracis (anthrax) spores are used as bioterrorism agents and mortality is
reported to be around 45% 50. Antimicrobial therapies are implemented to curb anthrax
and extensive efforts are being taken to find new enzymes and pathways to be targeted
in this organism. Richard Lee’s lab at St. Jude Children’s Research Hospital designs
drugs against the DHPS enzyme and these studies are discussed in the next sections.
Bacillus anthracis DHPS (BaDHPS) is a classic dimeric (α/β)8 TIM barrel structure with βbarrel surrounded by α-helices linked together with loops 39, 41. The loops form an
important part of the structure, which undergo conformational changes when ligands bind.
The pterin binds in the active site present in the center of the TIM barrel whereas pABA
binds near the C-terminus of the enzyme (Figure 1.12). The loops have highly conserved
residues and they are responsible for coordination and/or formation of the active site for
the ligands. Loops 1, 2, 6 and 7 are more conserved than loops 3-5. The loops are highly
mobile structures.
Arg68 in loop2 fits into the TIM barrel in the absence of the pterin ligand. The terminal
guanidinium groups of Arg68 participate in π-stacking interactions with Arg254. Also the
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Figure 1.11: Reaction scheme of DHPS
A: H2PtPP and pABA react to form a molecule of dihydropteroate. B: Sulfathiazole is an analog
of pABA and acts as a competitive inhibitor of DHPS enzyme. It reacts with H2PtPP to make a
DHP-sulfa drug adduct.
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Figure 1.12: The structure of Bacillus anthracis DHPS
A: Structure of apo-BaDHPS (PDB ID: 1TWW). The enzyme is a homodimeric 8β-barrel
alternating with 8α-helices. B: Structure of binary DHPS complex bound with pteridine
pyrophosphate as ligand (PDB ID: 1TWS) C: Structure of ternary DHPS complex bound with
cationic dihydropterin intermediate and para-hydroxybenzoate (PDB: 1TWC). (need to add figure
for panel C) 39
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guanidinium nitrogens of Arg68 form hydrogen bonds with Asn120 and Asp184.
Structures are available for pteridine pyrophosphate (PtPP) and H 2PtPP bound to
BaDHPS 39, 41. PtPP displaces the guanidinium group of Arg68 and interacts with Asn120,
Asp184 and Lys220. Mutation in Asp184 abolishes binding of the pterin ligand, while a
Lys220 mutant affects binding and kcat of both the ligands since it is important for binding
of pteridine and pABA ligands 39, 41.
Thus, in the absence of the ligand, Arg68 blocks the active site of the enzyme. The bound
pterin also interacts with Phe189 and Met145 from one side, and Arg254 from the other
side. The pyrophosphate groups of the ligand form hydrogen bonds with Arg254 and
His256. Conserved residues Pro185, Gly186, Leu187, and Gly188 in loop 6 also interact
with the pterin ring 39, 41.
Loop 1 forms a protective lid over the pABA active site. Phe33 from loop 1, Pro 69 from
loop 2 and Lys 220 and Phe189 form the pABA binding site after pterin ligand binds to
the enzyme 39, 41. Mutations in the residues of loops 1 and 2 do not change the turnover
of the enzyme, but increase the KM for pABA, while H2PtPP binding is not perturbed. This
indicates that the loop residues are involved in binding of pABA.

1.14 Drugs/inhibitors of DHPS
1.14.1

Sulfa drugs

Sulfa drugs are pABA analogs that are effective inhibitors of the folic acid biosynthesis
pathway and are used as antibacterial and antiprotozoal drugs. They are competive
inhibitors of pABA, binding near the C-terminus of the enzyme (Figure 1.11). Sulfa drugs
deplete/sequester the pterin pool to form sulfa-pterin dead end product conjugate 51, 52.
Sulfamethoxazole (SMX) and sulfathiazole (STZ) are a few examples of sulfa drugs.
Resistance to these drugs is attributed to increased drug efflux and/or mutations in the
pABA binding site 51. As mentioned above, the pABA binding site is made up of flexible
loop regions and thus can develop mutations that result in increased sulfonamide
resistance. The extra rings in the sulfa drugs, like the methoxazole ring in SMX and the
thiazole ring in STZ, stick further away from the active site compared to pABA, and are
near the loops. Hence mutations in the loops disrupt the drug binding, but do not deter
pABA binding 53. Therefore, there is interest in designing new drugs that target DHPS
that will not be affected by mutations in the loops near the pABA binding site.

1.15 Atomistic interaction values for trehalose and betaine used
to predict the changes in binding of ligands to DHPS
As mentioned above (Sections 1.11), it is predicted that trehalose preferentially interacts
with phosphate groups and betaine preferentially excludes them (Table 1.1). Trehalose
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is also predicted to preferentially exclude aromatic carbons, whereas betaine
preferentially interacts with them (Figure 1.9). Our previous in vitro and in vivo studies
have predicted that osmolytes can either interact or exclude folate ligands/cofactor, which
alters their binding to the folate pathway enzyme. Our current study is unique in that the
betaine and trehalose will behave/interact differently with the ligands of DHPS and alter
their binding. The effects of the osmolytes on the ligands, and its subsequent effect on
their binding to DHPS, is explored using isothermal titration calorimetry. The effects of the
osmolytes on the enzyme are also explored using circular dichroism and differential
scanning calorimetry. The results of this section are presented in Chapter 3.

1.16 In vitro experiments versus the in vivo environment
The cell is a complex and crowded environment with the concentration of macromolecules
reaching up to 300 mg/ml. Weak interactions of osmolytes with ligands of the folate
pathway and their effects have been explored in Chapter 2 and 3 of this thesis. It has
been reported that the osmolytes preferentially interact, or exclude, specific functional
groups. These functional groups are also present on several macromolecules of the cell.
Thus, we predict that the weak, interactions are relevant to the environment inside the
cell. Even though the interactions are weak, the high concentrations of macromolecules
and osmolytes (at least under osmotic stress) lead to a large number of potential
interacting partners with each ligand inside the cell. We hypothesize that the cumulative
effect of a large number of weak interactions will cause significant effects inside the cell.
These interactions between ligands and small molecule osmolytes and/or
macromolecules will also influence enzyme activity in vivo. Thus, in Chapter 4, we are
specifically looking at how the weak interactions affect the activity of folate cycle enzymes.
The effect of weak interactions on the activity of particular folate enzymes can be scored
as a function of cell growth.

1.16.1

Osmotic titration studies on R67 DHFR

Previous in vitro studies in the lab have established the preferential interaction between
osmolytes and folates 22-24, 26, 27. Therefore, it is important to understand if the weak
interactions between osmolytes and folate ligands are relevant inside a cell. Since these
interactions are weak, we want to know if there are any net effects of high concentrations
of cosolutes on enzyme function in the cell. Thus, in vivo osmotic stress titration studies
are conducted with the R67 DHFR enzyme 23. E. coli produces osmolytes in response to
osmotic stress, and it was hypothesized that the osmolytes affect the functioning of the
enzyme23.
Chromosomally encoded DHFR in E. coli cells (EcDHFR) is an essential enzyme in the
folate biosynthesis pathway. Osmotic stress studies on R67 DHFR in E. coli cells is
complicated by effects on both the chromosomal and plasmid encoded DHFRs. In order
to study the osmotic effects on only R67 DHFR, the growth of cells in presence of the
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antifolate drug, trimethoprim (TMP), is scored. Chromosomally encoded E. coli DHFR is
inhibited by the antibiotic (Ki=20 pM) 54, but R67 DHFR is resistant to the drug ,with a
million fold higher Ki (0.15 mM) 55. Addition of TMP to the wild type E. coli cell inhibits
chromosomal DHFR activity leading to arrest of cell growth. However, when
complemented with a plasmid vector containing the R67 DHFR gene, bacterial cell growth
is restored in the presence of TMP. Osmotic stress titration studies in E. coli carrying the
wild type (wt) R67 DHFR gene cloned in pUC8 indicated that these cells are capable of
growth until 1.95 Osm in presence of TMP. This is similar to osmolality levels tolerated by
E. coli in absence of TMP after which there is loss of cytoplasmic water leading to growth
arrest 18.
Our model (Figure 1.6) predicts that with increasing osmotic stress, osmolytes will interact
with free DHF preventing its association with R67 DHFR. However, in vivo, no reduction
in E. coli growth with increasing osmotic stress is observed in the cells carrying the wt
R67 DHFR-pUC8 plasmid in the presence of TMP. A high copy number plasmid like pUC8
will yield high concentrations of the rescuing wt R67 DHFR. In other words, it is difficult
to titrate cell growth with respect to enzyme activity due to high levels of R67 DHFR. A
catalytically less active R67 DHFR variant, Y69L (around 250-fold lower than wt) 56), is
tested. Similar to wt R67 DHFR, cells harboring Y69L R67 DHFR in pUC8 vector are
resistant to TMP. Under TMP and osmotic stress treatment, this strain is capable of
growth until 0.92 Osm. This is lower osmolality than what was tolerated by wt R67 DHFR.
With increasing osmotic stress, the osmolytes weakly interact with DHF, hindering
substrate binding to Y69L R67 DHFR. The decreased DHF binding, in addition to low
catalytic efficacy of the R67 DHFR mutant, is responsible for lowered osmotic tolerance
of the strain. These results support our model (Figure 1.6) and encouraged us to continue
with our in vivo studies.
Our next step is to devise a system to explore the effect of osmotic stress on different
enzymes of the folate pathway. Since folates interact with osmolytes, we predict that the
osmotic stress effects are relevant to other enzymes in the pathway. In order to conduct
osmotic stress titrations, we need the enzyme levels or activity to be lower than the
chromosomal levels. To achieve this, we work with the pKTS vector that produces
lowered levels, and reduction of half-life, of the enzyme 57.

1.16.2
The pKTS plasmid lowers the concentration of protein in the
cell
In order to achieve lower enzyme levels in the cell, Neuenschwander et al. report the use
of a pKTS vector for studies with the enzyme chorismate mutase 57. The pKTS plasmid
is constructed so that expression of the gene of interest is under the control of a
tetracycline inducible promoter, and the protein turnover is compromised by the addition
of an SsrA degradation tag. Addition of tetracycline leads to the induction of the enzyme
with the SsrA tag attached to the C-terminus. In the pKTS expression system (Figure
1.13), the tetracycline repressor encoded by tetR is bound to the Ptet promoter when
tetracycline is absent. Addition of tetracycline leads to the formation of a complex between
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Figure 1.13: The pKTS expression system
A: pKTS as a selection vector. The gene of interest (red arrow) is cloned in between Nde1 and
Xho1 restriction sites. When the protein is produced, an SsrA tag is fused to the C-terminal end
of the enzyme. The plasmid has a tetracycline induction system, and clones with this plasmid can
be selected with ampicillin. B:The tetracycline induction system works with the addition of
tetracycline (tc) that binds to the TetR repressor protein leading to its removal from the tetR
promoter site and allows induction of gene expression. The protein made from this construct is
tagged with an SsrA tag at the C-terminus. This tag is recognized by the ClpX protease and is
degraded thus lowering the half-life of the enzyme in the cell. Thus as shown in the left arrows,
increased tetracycline (yellow bar) increases amount of enzyme (blue arrow) in the cell. Adapted
from 57.
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tetracycline and the repressor, relieving its inhibition of the promoter. For a non-essential
gene in a low copy number plasmid in E. coli grown in rich medium, the lowest tetracycline
concentrations are estimated to produce basal gene expression of about one mRNA
molecule every third generation 58, 59. Enzyme production is not only under tetracycline
control in the pKTS plasmid, but there is also an SsrA tag fused to the C-terminus of the
enzyme. Once the protein is synthesized, the tag is recognized by the ClpX protease
marking it for degradation. The pKTS plasmid thus controls enzyme levels
transcriptionally and through limits of the enzyme half-life.the amount of enzyme in the
cell, the lesser would be the stringency of phenotype selection.
Neuenschwander et al. monitored the induction of green fluorescent protein (GFP) from
the pKTS vector 57, and found that the protein is induced only under the addition of
tetracycline with little to no protein produced in the absence of tetracycline. Flow
cytometry analysis shows that GFP with an SsrA tag has lower expression levels than
GFP without an SsrA tag. The control of chorismate mutase levels with the use of pKTS
vector was also explored by the Hilvert lab 57. They started with several rounds of
mutagenesis that led to the formation of a catalytically inefficient, hexameric enzyme
hEcCM. Activity was partially recovered when hEcCM was mutagenized to moderately
efficient tEcCM (trimeric chorismate mutase). Cells harboring the wild type and
moderately active tEcCM were indistinguishable in cell growth screens due to their high
enzyme levels and activities. Thus, the genes for all three variants of the enzyme were
cloned into the pKTS vector. At the highest tetracycline concentrations, the wild type and
tEcCM cells had similar growth rates whereas hEcCM grew slowly. At intermediate
tetracycline levels, tEcCM cells grew slower than the wild type cells. Thus, pKTS is an
efficient system for lowering enzyme levels in the cell and can be used for cell growth
assays. The cell growth serves as a readout for enzyme activity/levels. The Hilvert lab
used this system to screen libraries for mutant enzymes with enhanced activity in their
directed evolution experiments.

1.16.3

Scoring cell growth as a function of enzyme activity/levels

Auxotrophic strains serve as selection platforms for studying enzyme activity as they do
not grow unless the missing metabolite is produced by the respective enzyme. This
selection is due to the restriction of cell growth as a function of enzyme activity. The
maximal activity of the enzyme (Vmax) is dependent on the concentration of the enzyme
(Etotal) in the cell and its kcat (Figure 1.14). If the activity of the enzyme is essential to the
cell, low amounts of protein, or less active protein (black zone), will lead to no growth. On
the other hand, high enzyme activity or levels (blue zone) will lead to good growth of the
cells. None of these conditions are ideal if cell growth needs to be scored with respect to
enzyme function. Protein levels in the selection zone are ideal (highlighted in red) so that
any change in enzyme activity gives an observable change in cell growth 60. Thus, in
order to obtain titrable cell growth with respect to enzyme activity, the enzyme levels or
activities have to be lower than the chromosomal levels.
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Figure 1.14: Selection conditions where cell growth is dependent on enzyme activity
Auxotrophic cells are capable of growth only when the metabolites of the reaction are supplied
during cell growth. In a scenario where there is a low enzyme level or activity, there will be no or
negligible cell growth (black line). The other case would be where high enzyme activity or levels
leads to good growth (blue line). Selection conditions need to be designed where cell growth is
dependent on changes in the enzyme activity (red line). Any small change in the total enzyme
activity thus leads to an appreciable change in cell growth. Adapted from 60
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For our in vivo titration of enzyme activity using an osmotic stress assay, we work with
the deletant strains of the enzymes of the folate pathway. The selected enzymes are
essential for the cell. These strains are rescued with the introduction of the respective
gene in the pKTS vector. These strains are referred to as rescued or complemented
strains. The deletant strain is capable of growth in minimal media supplemented with the
folate end product(s). However, the rescued strain is grown in minimal media without
supplements and its growth is solely dependent on the enzyme activity. The level of
enzyme in the rescued cells is lower than the chromosomal level, and hence cell growth
is sensitive to enzymatic activity. Cell growth with increasing osmotic stress in the rescued
strain serves as a readout for the enzyme activity and growth of the deletant strain in
minimal media with added supplements serves as the control.
The enzymes investigated are narrowed down based on the criteria listed below:
1. The folate pathway enzymes should be essential to the cell. Knockout strains of the
enzymes should be auxotrophic and can only grow in minimal media with the addition of
respective folate end products.
2. The pKTS vector is designed to add an SsrA tag to the C-terminus of the enzyme.
Therefore, the C terminus should not be close to the active site to ensure its proper
functioning.
3. A preference is that the KM of the substrate should be higher than the in vivo
concentration of the substrate to ensure that the active site is not saturated.

1.17 Enzymes selected for the study
Reduced forms of folate are metabolized by the enzymes of the folate pathway (Figure
1.2). Since our previous studies show that osmolytes preferentially interact with DHF, we
predict that osmolytes interact with the other reduced forms of folate as well. The
predicted preferential interaction coefficients of two osmolytes, trehalose and betaine,
with DHF, THF and 5, 10-methyleneTHF (as well as other ligands) are listed in Table 1.2.
A negative value is indicative of preferential interaction of the osmolyte with the ligand
whereas positive value is indicative of preferential exclusion. It is predicted that the
reduced folates preferentially interact with osmolytes, and we use osmotic stress titration
studies to examine these interactions in vivo. Thus, with favorable weak interactions of
osmolytes with the ligand, we predict that the ligand enzyme complex will be lowered in
the cell leading to lesser activity of the enzyme. On the other hand, unfavorable osmolyte
ligand interactions will reduce the desolvation penalty, leading to tighter complex
formation and enhanced activity. The enzymes studied were R67 dihydrofolate reductase
(R67 DHFR), methylenetetrahydrofolate reductase (MTHFR) and serine
hydroxymethyltransferase (SHMT). The presence of the SsrA tag at the C-terminus is
predicted to not interfere with the activity of these enzymes. This is inferred by measuring
the distance between the active site and C-terminus of the enzyme. The active site is
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Table 1.2 Preferential interaction coefficients of betaine and trehalose calculated for the
ligands of the folate pathway.
Ligand

Betaine µ23/RT
(m-1)a

Trehalose
µ23/RT (m-1) b

NADPH
DHF
Trimethoprim
Serine
Glycine
THF

0.983
-0.049
-0.744
0.160
0.156
-0.112

-0.408
-0.110
0.468
0.018
-0.038
-0.122

5,10-methyleneTHF

-0.053

-0.105

0.820

-0.676

0.430
0.563
0.160

0.140
-0.006
0.277

5,10-methyleneTHF

-0.053

-0.105

FAD

0.999

-0.651

Enzyme
DHFR

SHMT

Pyridoxal 5’phosphate
Chorismate
Prephenate
NADH

Chorismate mutase

MTHFR

9, 26

a: values calculated from
b: values calculated from 10

The inhibitors of the enzyme are highlighted in red and substrates are highlighted in blue.
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around 20 Å away from the C-terminus for these enzymes.
As the pKTS plasmid from the Hilvert lab had a chorismate mutase insert, we also worked
with this enzyme. Its substrate, chorismate, is predicted to be preferentially excluded by
both trehalose and betaine as it has a positive µ23/RT value. Low to no effect of osmotic
stress on the rescued strain as compared to the deletant strain is expected from the
chorismate mutase titration studies.

1.17.1

Plasmid encoded R67 Dihydrofolate reductase (R67 DHFR)

Dihydrofolate reductase catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate
(THF) using NADPH as a cofactor. R67 DHFR is different in sequence and structure from
the chromosomal variant from E. coli 61. EcDHFR is a monomer and is the target of the
antibiotic, trimethoprim. In contrast, R67 DHFR is a tetramer 62, and confers resistance
to trimethoprim 61. R67 DHFR’s active site is the central pore where both the ligand and
cofactor bind 63. The KM for DHF is 5.8 µM, while the intracellular concentration of DHF is
51 µM in E. coli 64. Thus, it is predicted that its active site is saturated with the DHF in
vivo. Another variant of R67 DHFR that is used in our studies is Quad4. The Quad4 gene
is a tandem array of four fused R67 DHFR genes and the kinetic parameters of the
resulting monomeric protein are similar to those of R67 DHFR 65.

1.17.2

Methylenetetrahydrofolate reductase (MTHFR)

Methylenetetrahydrofolate reductase (MTHFR) is encoded by the metF gene in E. coli
and its enzyme activity is linked to methionine production in the cell. In humans, a
deficiency of MTHFR leads to elevated homocysteine levels in plasma and increases the
risk for cardiovascular disease and neural tube defects 66. Methylenetetrahydrofolate
reductase is a tetrameric enzyme, which catalyzes the reduction of 5, 10-methyleneTHF
to 5-methylTHF using NAD(P)H as a cofactor. The 5-methylTHF product serves as a
methyl group donor for the subsequent conversion of homocysteine to methionine by
methionine synthase 67. A FAD cofactor is essential for the activity of the enzyme 67. The
enzyme catalyzes the reaction using a ping-pong Bi-Bi mechanism. The FAD-bound
enzyme gets reduced by NADH in the reductive half reaction. In the oxidative half–
reaction, the reducing equivalent is transferred to 5,10-methyleneTHF to form 5methylTHF and FAD gets oxidized 68. 5, 10-methyleneTHF binding to the enzyme reduces
the loss of FAD and stabilizes the enzyme 66.
In E. coli K12, the concentration of 5,10-methylene-THF is 22.2 μM 69. The MTHFR KM
for 5,10-methylene-THF is only 0.5 μM 67, suggesting the enzyme will be saturated in
vivo. Porcine and plant MTHFRs bind polyglutamylated folates with lower K M values,
however any preference for polyglutamylated substrates is not yet established for the E.
coli enzyme 70. However, triglutamylated folates are more effective in preventing loss of
FAD from E. coli MTHFR compared to monoglutamylated folates, thereby stabilizing the
enzyme 66.
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1.17.3

Serine hydroxymethyltransferase (SHMT)

There are two major pathways for biosynthesis of serine and glycine. Phosphoglyceric
acid is converted to serine which is acted upon by SHMT to make glycine. The second
reaction is the synthesis of glycine from threonine by action of threonine aldolase 71, 72.
Serine hydroxymethyltransferase (SHMT) is the enzyme encoded by the glyA gene.
SHMT converts serine to glycine using pyridoxal phosphate (PLP) as a coenzyme. It
catalyzes the cleavage of PLP-serine to form PLP-glycine along with the condensation of
formaldehyde with THF to form 5, 10-methenyltetrahydrofolate 73. In E. coli K12, the THF
concentration (in all glutamylation states) is 10.1 μM 69 and the KM for THF is 25 μM 74.
The KM is higher than the concentration of the metabolites in vivo 69, suggesting we may
be able to titrate its activity.

1.17.4

Chorismate mutase (CM)

Chorismate mutase is used as a negative control in our studies. Chorismate mutase
catalyzes the intramolecular rearrangement of chorismate to prephenate 75. Prephenate
is responsible for the biosynthesis of aromatic amino acids like phenylalanine and tyrosine
76. E. coli possess two chorismate mutases, each fused to either prephenate
dehydrogenase or prephenate dehydratase 77. Thus a deletant strain of CM abolishes not
only the CM activity in this organism, but also the dehydrogenase and dehydratase
reactions responsible for aromatic acid biosynthesis. Since this enzyme serves as the
metabolic branchpoint, a CM deletant (aroQ) strain with an auxillary plasmid (pKIMPUAUC) 77, which carries the two genes for the dehydrogenase and dehydratase activities
is used. Prephenate can thus be converted to tyrosine and phenylalanine. The use of the
aroQ deletant strain with an auxillary plasmid (pKIMP-UAUC) strain allows us to score
the effect of osmotic stress only on CM activity.

1.18 Rationale/aims of this research work
The work in this thesis addresses three main questions:
5.

What are the molecular interactions between trehalose and folate? Vapor pressure
osmometry (VPO) studies can be used to study the interactions of osmolyte with
specific functional groups. Previous work in our lab looked at how betaine interacts
with the functional groups on folate. Trehalose is the predominant osmolyte in
nutrient limiting conditions, and the osmotic stress experiments in Chapter 4 mimic
these conditions. Hence it is intriguing to figure out how trehalose interacts with
various functional groups that are present on folate, specifically with heterocyclic
and non-heterocyclic aromatic compounds. We use VPO to test for interactions of
trehalose with about 50 compounds which have the functional groups of interest.
The results of this study are discussed in Chapter 2.
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6.

Does trehalose and betaine exert opposing effects on ligand/s binding to enzyme
DHPS? Our studies in Chapter 2 show that betaine and trehalose have differential
interactions with different functional groups. An example of this concerns the
phosphate group, which excludes betaine, however phosphate interacts with
trehalose. In order to study how these opposing interactions affect ligand binding to
the enzyme, we elected to work with the enzyme dihydropteroate synthase (DHPS).
One of the ligands of this enzyme, pteridine pyrophosphate, contains phosphate
groups. ITC studies are used to understand how betaine and trehalose affect the
binding of ligand(s) to enzyme DHPS. This is discussed in Chapter 3 of this thesis.

7.

The osmolytes weakly interact with dihydrofolate and hinder its binding to the
enzyme DHFR. But does this hold true in an in vivo environment? The cellular
environment is complex and crowded and the weak interactions studied in vitro are
also found inside the cells. So, can in vitro studies be correlated with the in vivo
cellular environment? If it does, the osmolytes should interact with folates in the cell
and affect the ligand binding to the enzyme. We employ osmotic stress studies in
Escherichia coli to address this question. This study is discussed in detail in Chapter
4.

My thesis chapters, put together, focus on understanding the effect an osmolyte can exert
on the functioning of an enzyme in vitro as well as in in vivo conditions.
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2 EXPLORATION OF WEAK INTERACTIONS
BETWEEN TREHALOSE AND FOLATE
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2.1 Introduction
Water has a relatively high heat capacity, a high dielectric constant and can hydrogen
bond to form ordered structures. For this reason water is proposed to enslave the
macromolecules of the cell 1. Hydration and viscosity of the solvent influences the
reactions, dynamics and activity of these macromolecules 2. To understand cellular
chemistry, it is important to study the role of water in those reactions. One of the greatest
challenges in understanding the function of the cell is due to the lack of knowledge about
non-covalent interactions, attractive and repulsive forces that exist in water 3. One way to
explore the role of water in these systems is to add small molecule osmolytes that will
perturb water activity by reducing the concentration of water in the solution. Osmolytes
are small molecules that occupy volume in a system and have different chemical
properties. Osmolytes are present in most living cells and function as osmoregulators.
Our lab has used biophysics to understand the role of water in the binding of folates to
the enzyme, dihydrofolate reductase (DHFR) 4-6. Isothermal titration calorimetry studies
have found that osmolytes tighten the binding of cofactor NADPH to DHFR. Tighter
binding was attributed to a decreased solvation shell around the cofactor in the presence
of osmolytes. The exclusion of osmolytes from the surface of NADPH reduced the
desolvation penalty associated with enzyme-cofactor complex formation. Fewer waters
solvate the cofactor in osmolyte-contain solutions, therefore less energy is needed to
remove the waters from NADPH, increasing the overall binding affinity. However,
osmolytes had an opposite effect on substrate, dihydrofolate (DHF), binding to the
enzyme. Weaker DHF binding to the enzyme was attributed to preferential interaction of
osmolytes with different functional groups on DHF. This interaction of the ligand with the
osmolyte made binding less favorable as osmolytes, as well as water, had to be removed
from the solvation shell around the binding interface. Our lab has wn similar osmolyte
effects on DHF binding to enzymes (EcDHFR, R67 DHFR and FolM) performing DHFR
activity. NMR and VPO studies have further indicated that the osmolyte, glycine betaine,
preferentially interacts with the aromatic groups in the pABA ring, as well as amide and
cationic nitrogens 7, 8. Thus osmolytes participate in weak interactions with different
functional groups on folate, and most likely will interact with other cellular components
with similar functional groups.
One of the predominant cellular osmolytes is the saccharide, trehalose. Steady state
kinetics on R67 DHFR performed in the presence of trehalose yielded a decrease in the
Km of DHF, while there was no effect on kcat 5. Further, we explored if these weak
interactions were relevant in vivo by developing a cell-based assay where enzyme activity
was lowered relative to basal cellular levels, and then exposing the cells to osmotic stress.
E. coli, under high osmotic stress, produce osmolytes to regulate the osmotic pressure
inside the cell. The lower enzyme activity led to less product formation, and ultimately
reduced cell growth, with increasing osmotic stress 9. The studies were performed under
nutrient limiting conditions where trehalose is proposed to be the predominant osmolyte
10. Under osmotic stress, trehalose weakly interacted with folate cycle metabolites,
decreasing their binding to their respective enzymes 9. Both osmolytes and water
molecules would have to be released from the substrate solvent shell, which lowered
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enzyme-ligand association and product formation. It is therefore intriguing to understand
the molecular interactions between trehalose and functional groups on folates.
A vapor pressure osmometry (VPO) technique was developed by the Record lab to
monitor weak interactions between osmolytes and other molecules 11,12. Preferential
interaction coefficients measure the change in the chemical potential of a compound upon
addition of an osmolyte. Interaction or exclusion of the osmolyte with the atom types
present on a compound can occur. Such favorable or unfavorable interactions of
osmolytes with several model test compounds were explored in these experiments. The
model test compounds used displayed different functional groups and were used to study
the interaction of an osmolyte with several atom types. The preferential interaction value
(µ23/RT) is indicative of the preference of a test compound to either interact with the
osmolyte or water in a three-component system (water, test compound and osmolyte). A
negative µ23/RT value is indicative of preferential interaction of the test compound with
the osmolyte, a positive µ23/RT value is indicative of preferential interaction of the test
compound with water. A value of zero is indicative of equal preference for water and
osmolyte.
The µ23/RT value is the sum of the contributions of the favorable and unfavorable
interactions of an osmolyte with the different functional groups present on the test
compound. Thus, the information on the area occupied by the solvent accessible
functional groups along with the µ23/RT values can be dissected to obtain the
contributions arising from each atom type on the test compound. The values from each
atom type is called the atomistic interaction coefficient (α values), which indicates the
preference of the interaction/exclusion of the functional group with the osmolyte.
In a study done by Hong et al 19, freezing point depression osmometry was employed to
obtain the preferential interactions coefficients for trehalose. The test compounds used
were mainly amino acids, salts and aromatic compounds. It was reported that trehalose
preferentially interacted with phosphate, carboxylate and amide oxygens, and
preferentially excluded aliphatic carbons and cationic nitrogen. There were dual values
reported for aromatic carbons (positive or negative values depending on the test
compound used for α value analysis). No information on the behavior of trehalose with
aromatic nitrogens was reported. Folate is made up of a pterin and a p-aminobenzoate
ring, and hence we wanted to delve into understanding how trehalose interacted with
aromatic carbons and nitrogens. In this chapter we have focused on extending the
osmometry studies of trehalose using vapor pressure osmometer with test compounds
that better mimic the functional groups of folates.

2.2 Materials and methods
2.2.1 Vapor Pressure Osmometry (VPO)
VPO experiments were performed according to the protocol by the Record group 12.
Samples were measured on a Wescor Vapro 5520 osmometer. In cases of osmolality
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readings above 1.000 Osm, a calibration curve was made using 1.000, 1.500 and 2.000
osmol standards to correct sample readings. VPO was used to measure the preferential
interaction coefficients of trehalose with 50 model test compounds. The model test
compounds can be broadly classified as salts, carboxylates, polyols, amino acids and
amides, heterocyclic and non-heterocyclic aromatic compounds. Stock solutions of the
test compounds and trehalose were prepared gravimetrically. Sapir and Harries have
reported that trehalose deviates from ideal behavior at concentrations above 0.5 molal
due to self-association 13. It can hydrogen bond using its hydroxyl groups, and these
interactions increase with increasing concentrations of trehalose. Thus, the experiments
were performed such that the final molal concentrations of trehalose were kept between
0.1-0.5 molal. Three component solutions contained a series of trehalose (0.1-0.5 m) and
test compound (between 0.1-0.8 m) concentrations were prepared by aliquoting from
stock solutions and mixing with water to achieve the desired final molality. The same
molalities of trehalose and test compound were each used as the two-component series.
These solutions were equilibrated at room temperature for 15 minutes prior to measuring
the osmolality in triplicate.
The difference between the osmolalities of the three component solutions and the
trehalose and test compound two component solutions (∆Osm) were plotted against the
product of the molalities of trehalose and test compound (Eq. 1):

∆𝑂𝑠𝑚 = 𝑂𝑠𝑚(𝑚2 , 𝑚3 ) − 𝑂𝑠𝑚(𝑚2 , 0) − 𝑂𝑠𝑚(0, 𝑚2 )

Eq. 2.1 12

where m2 and m3 are the molal concentrations of the test compound and trehalose,
respectively. These data were fit linearly. The intercept should be set to zero as under
ideal conditions when there is no self-association of the test compound or trehalose, as
in the absence of either the test compound or trehalose, the value of ∆Osm is zero. The
slope of the line is the preferential interaction coefficient (µ 23/RT) and this coefficient is
independent of m2 and m3 (Eq. 2.2):

𝜇

23
∆𝑂𝑠𝑚 ≅ ( 𝑅𝑇
) 𝑚 2 𝑚3

Eq. 2.2

In case of heterocyclic, non-heterocyclic aromatic compounds and folate, the pH of the
solutions was adjusted to 7.0 to increase their solubility.

2.2.2 Calculation of α-values
Trehalose interacts differently with all types of functional groups or atom types. The
degree of interaction is dependent upon how much area of the functional group/atom is
exposed. Thus, the µ23/RT can be broken up into components based on the surface area
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of the atom types and is dependent upon the interaction of trehalose with a type of atom
and its solvent accessible surface area. The summation of the favorable or unfavorable
interactions of trehalose with the different atom types on the test compound gives the
preferential interaction coefficient for that test compound.
The structures of the test compounds were obtained from BMRB, PDB or from Bhojane
et al 7. The solvent accessible areas of each functional group was determined using the
program Surface racer.14 A 1.4 Å water molecule radius was used to probe the surface of
the molecule and determine the areas of each atom types exposed to the solvent. This
information can be used to deconvolute the µ 23/RT values into atomistic interaction
coefficient (α values) using the equation 2.3 12:
𝜇23
𝑅𝑇

𝜇

23
= ∑𝑖 (𝑅𝑇𝐴𝑆𝐴
) (𝐴𝑆𝐴)𝑖 + ∑𝑗 𝛽𝑗 𝜎𝑗

𝑖

Eq. 2.3

Where µ23/RTASA is the α value, the measure of the interaction of trehalose with each
atom type per solvent exposed surface area of the atom, ASA is the solvent exposed
surface area of atom type i, β is preferential interaction of trehalose with K+, Na+ or Clions and σ is the number of ions j. The data were fit for aliphatic carbons; aromatic
carbons and nitrogens; amide, amine and cationic nitrogen; hydroxyl, carboxylate and
phosphate oxygen atom types. Matlab 2018a was used for this with the code provided in
Bhojane et al.7 The α values for trehalose, along with the accessible surface area of any
compound (for example folate), can be used to obtain the predicted preferential
interaction coefficient of that compound.

2.2.3 Calculation of predicted µ23/RT for protein unfolding in presence
of trehalose
Atomistic interaction coefficients can be used to calculate the interactions of trehalose
with proteins. In order to do this, we used literature data for the thermal stability of proteins
(free energy of unfolding) in the presence of trehalose 11, 15-17. The free energy of unfolding
was then used to calculate the change in the chemical potential (Δµ23) of the proteins with
trehalose using Eq 2.4:
∆𝐺𝑢𝑛𝑓
𝑚3

= ∆𝜇23

Eq. 2.4

Where ΔGunf is the free energy of unfolding. The preferential interaction coefficient can
be determined by dividing Δµ23 by the gas constant and the temperature at which ΔG was
measured. The predicted µ23/RT values for the proteins were calculated from the  values
and the solvent accessible surface area of the atoms on the folded protein. Structures for
the proteins were obtained from the Protein Data Bank and the surface areas calculated
using Surface racer 14. The unfolded proteins were prepared in Pymol 18 as linear
structures with random phi and psi angels. Unfolding of a protein is the equilibrium
between the denatured and native states, and the free energy of unfolding is the
difference in the free energy of the unfolded state minus the free energy of the folded
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state. Therefore, the predicted preferential interaction coefficient for the protein was
determined as the difference in the 23/RTs of the unfolded protein and the folded protein.

2.2.4 Calculation of µ23/RT predicted values ligand binding
The change in predicted preferential interaction coefficients (Δµ23/RT) were calculated for
ligand binding to proteins by determining the µ23/RTs of the bound complex, as well as
the apo-protein and free ligand. The surfaces areas of the structures were calculated in
Surface racer 14, and were multiplied by the α values for the corresponding atom types.
The Δµ23/RT was then determined by subtracting the µ 23/RT values for the ligand and
apo-protein from the preferential interaction coefficient of the ligand-protein complex.

2.3 Results
In vitro biophysical and in vivo microbiological assay results indicate that trehalose
interacts with folates 5, 9. To explore which functional groups on folate were responsible
for interaction/exclusion with trehalose, osmometry was performed on 50 model
compounds. The compounds were chosen based on the structure of folate, and can be
grouped into amino acids, carboxylates, polyols, salts and non-heterocyclic and
heterocyclic aromatic compounds.

2.3.1 Aromatic compounds
Folate contains both aromatic carbons and nitrogens in its rings (see Figure 2.1), and
previous studies indicated that betaine preferentially interacted with amine nitrogen off
the aromatic rings and preferentially excluded the aromatic nitrogens 7. It is of utmost
importance for us to look at the contributions arising from the interactions of trehalose
with these atom types. We wanted to segregate atom types as amine nitrogen off the
aromatic ring (m-aminobenzoate) and aromatic nitrogens (i.e., nicotinic acid). We used
heterocyclic aromatic compounds containing nitrogen in the ring and aromatic
compounds to determine this distinction.

2.3.2 Non heterocyclic aromatic compounds
We tested benzoate variants with hydroxyl and amino groups at the ortho, meta and para
positions in the ring. We also included toluic acid in our studies, which has a methyl group
at the para position (Figure 2.1) All the compounds in this series exhibited positive
preferential interaction coefficient (Figure 2.2). The µ23/RT for toluic acid was the most
positive in this series. Hydroxybenzoates in general exhibited higher µ 23/RT than
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Figure 2.1: Aromatic compounds used in this study
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Figure 2.2: Determination of the preferential interaction coefficients (µ23/RT) of trehalose
with aromatic compounds
The ∆Osm is plotted against the product of trehalose and test compound molalities (m 2m3) and
the slope of the line is the µ23/RT value for the compound. A: Data are shown for the aromatic
compounds in panel A are amino and methyl substitutions at different positions in the benzene
ring (●) 3-aminobenzoic acid, (●) 2-aminobenzoic acid, (●) 4-methylbenzoic acid. B: the variants
of hydroxyl substitutions in the benzene ring (●) 3-hydroxybenzoic acid, (●) 4-hydroxybenzoic
acid, (●) 2-hydroxybenzoic acid and (●) dopamine HCl

49

aminobenzoates. Hong et al used sodium benzoate to obtain the preferential interaction
of trehalose with aromatic carbons. The value reported was -0.004 ± 0.038 m-1. This value
is within error of zero. None of the benzoate derivatives used in our study had µ 23/RT
values near zero.

2.3.3 Heterocyclic aromatic compounds with nitrogen in the ring
The pH of all the compounds in the heterocyclic aromatic molecules was adjusted to 7
except for nicotinamide and pyrimidone. The structures are shown in Figure 2.3. The
preferential interaction coefficients for this series were all positive (Figure 2.4A).
Nicotinamide and pyrimidone exhibited the lowest positive µ23/RT value in this series.
The µ23/RT values for quinaldic acid and nicotinic acid are similar, even though quinaldic
acid has an extra 6-membered aromatic ring as compared to nicotinic acid. Interestingly,
nicotinic acid has slightly higher µ23/RT than nictonamide, which might be due to the pH
of nicotinic acid being adjusted using NaOH. There could be contributions arising from
sodium ions on the µ23/RT value. Pyrrole-2 carboxylate and indole acetate exhibited the
highest µ23/RT values in this series.
The nucleotide monophosphates 5-membered nitrogen containing heterocyclic ring
compounds TMP and UMP exhibited highest µ23/RT values (Figure 2.4B). TMP had
slightly higher µ23/RT value than UMP. AMP and GMP exhibited lower µ23/RT value than
TMP and UMP.

2.3.4 Amino acids
The interaction of trehalose with amino acids was also explored (Figure 2.5). The µ 23/RT
values for all amino acids were found to be positive (Figure 2.6). The µ 23/RT value is
higher for Na-glutamate as compared to K-glutamate, which is indicative of sodium ions
contributing more positive value to the µ23/RT coefficient than the potassium ions. On
comparison of polar amino acids serine and threonine, the latter exhibited a higher µ 23/RT.
This is similar to the trend observed by Hong et al. The µ 23/RT value obtained for serine
was -0.014 ± 0.015 m-1 and for threonine was 0.128 ± 0.019 m-1 19. The values obtained
from our study were 0.11 ± 0.1 m-1 and 0.27 ± 0.02 m-1 for serine and threonine,
respectively. The µ23/RT value increased with longer and complex R group present on
the amino acid. Glycine had the µ23/RT closest to zero in this series, and the values
increased with increasing number of methyl carbons in the R group. Isoleucine exhibited
the highest µ23/RT value in this series.
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Figure 2.3: Structures of the non-heterocyclic aromatic compounds used in this study
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Figure 2.4: VPO studies for heterocyclic compounds
A: The data points are represented as (●) nicotinamide, (●) nicotinic acid, (●) quinaldic acid, (●)
indole acetate, (●) pyrrole 2-carboxylic acid, (●) pyrimidone B: Nucleotide mono phosphate data
are represented as (●) AMP, (●) GMP, (●) TMP and (●) UMP.
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Figure 2.5: Structures of the amino acids used in the VPO study
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Figure 2.6: Plots of ∆Osm vs m2m3 for amino acids
The slopes in the graph are representative of the µ23/RT value of the compound. A: Charged
amino acids are as (●) lysine HCl, (●) K-glutamate, (●) Na-glutamate, (●) arginine HCl. B: Other
types of amino acids are represented as (●) alanine, (●) isoleucine, (●) proline, (●) threonine, (●)
valine, (●) glycine, (●) serine.
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2.3.5 Amides and modified amino acids
Several compounds containing amides were also studied (Figure 2.7). All the amide and
modified amino acid compounds, except urea had positive µ 23/RT values (Figure 2.8).
Urea was reported to have a µ23/RT value of -0.139 ± 0.009 m-1 in studies done by Hong
et al 19. The value obtained from our study was -0.07 ± 0.01 m-1. The µ23/RT value
increased with triglycine > diglycine > glycine (Table 2.1). This trend was seen in the data
obtained by Hong et al 19. Dimethylglycine had lower µ23/RT value than trimethylglycine
(betaine). The µ23/RT value for betaine in our study was 0.30 ± 0.01 m-1. The value
reported in the Hong et al study was 0.203 ± 0.009 m-1 19. Acetylalanine methylamide had
the most positive µ23/RT value in this series. Urea is the only compound in this series that
exhibited negative preferential interaction coefficient with trehalose.

2.3.6 Carboxylate and carboxylic acids
Carboxylates are protonated at low pH and the atom type contributions arising from
carboxylate versus protonated carboxylic acid oxygens differ. There is a difference in the
interaction of TEG and interior groups of PEG400 with carboxylate oxygens and
carboxylic acid oxygens 20. The osmolytes interacted favorably with carboxylic acid
oxygen but unfavorably with carboxylate oxygen. Hence, we decided to split these
compounds in our study into carboxylates and carboxylic acids as well (Figure 2.9). Malic
acid had a lower positive µ23/RT value than citric acid (Figure 2.10). Comparison of citric
acid with sodium citrate and potassium citrate indicated that the µ 23/RT was highest for
sodium citrate, followed by potassium citrate and citric acid. Sodium propionate had a
lower µ23/RT value than sodium oxamate, though both were still positive.

2.3.7 Polyols
Since trehalose self-interacts, we also tested its interactions with other polyols (Figure
2.11). All the compounds exhibited highly positive µ23/RT value (Table 2.1 and Figure
2.12). Hong et al have reported µ23/RT value of 0.258 ± 0.013 m-1 for mannitol 19 and we
have obtained a value of 0.27 ± 0.01 m-1.

2.3.8 Salts
Many of the model compounds used in this study are sodium, potassium or chloride salts,
so to determine the contribution of the counter ions, interaction of trehalose with salts
were studied (Figure 2.13). The slopes from this plot were used to calculate β values (Eq.
2.3) for the ions such as sodium, potassium and chloride. β value is the preferential
interaction of trehalose with sodium, potassium and chloride ions. Sodium pyrophosphate
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Figure 2.7: Structures of the amides and modified amino acids used in the VPO study
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Figure 2.8: The representation of the µ23/RT value for amides and modified amino acids
The data points are represented for (●) L-alanyl-Lglutamine, (●) acetylalanine methylamide, (●)
guanidinium HCl, (●) diglycine, (●) triglycine, (●) urea, (●) betaine, (●) N,N-dimethylglycine.
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Figure 2.9: The structures of the carboxylates and carboxylic acids used in the study
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Figure 2.10: Interaction of trehalose with carboxylates and carboxylic acid
The data points are shown for (●) malic acid, (●) citric acid, (●) tripotassium citrate, (●)
trisodium citrate, (●) potassium acetate, (●) sodium oxamate, (●) sodium propionate.
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Figure 2.11: Structures of the polyols used in the VPO study
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Figure 2.12: Determination of the µ23/RT value from the plot of ∆Osm vs product of
molalities of trehalose and test compound
Interaction of trehalose with the polyols (●) sorbitol, (●) glycerol and (●) mannitol.
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Figure 2.13: The structures of the salts used in the study
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Figure 2.14: Interaction of trehalose with salts
Compounds with phosphate groups showed near zero to negative µ23/RT value. The
compounds are represented as (●) sodium pyrophosphate tetrabasic, (●) potassium
phosphate dibasic, (●) sodium phosphate dibasic, (●) potassium chloride, (●) sodium
chloride.
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Table 2.1: The compounds used in our study with the experimental μ 23/RT values. The
predicted μ23/RT values were obtained from the α values.
Non heterocyclic
aromatic compound
3-aminobenzoate

Experimental
µ23/RT
0.18 ± 0.02

Predicted µ23/RT

Difference

0.17 ± 0.05

0.01

3-hydroxybenzoate

0.15 ± 0.01

0.21 ± 0.04

0.07

4-hydroxybenzoate

0.11 ± 0.01

0.21 ± 0.04

0.10

4-methylbenzoate

0.25 ± 0.01

0.29 ± 0.04

0.04

2-aminobenzoate

0.16 ± 0.01

0.17 ± 0.04

0.01

2-hydroxybenzoate

0.17 ± 0.01

0.20 ± 0.04

0.03

Dopamine hydrochloride

0.22 ± 0.01

0.29 ± 0.03

0.07

Monosodium benzoate

0.26 ± 0.02

0.21 ± 0.04

0.05

Phenylalanine

0.27 ± 0.07

0.17 ± 0.03

0.10

Heterocyclic aromatic
compounds
Nicotinic acid

Experimental
µ23/RT
0.13 ± 0.01

Predicted
µ23/RT
0.23 ± 0.04

Difference

Quinaldic acid

0.12 ± 0.01

0.23 ± 0.01

0.11

Nicotinamide

0.08 ± 0.01

0.08 ± 0.03

0.00

Indole acetate

0.26 ± 0.02

0.27 ± 0.05

0.01

Pyrrole-2-carboxylate

0.61 ± 0.04

0.25 ± 0.04

0.36

Pyrimidone

0.09 ± 0.01

0.15 ± 0.03

0.06

Adenosine Mono Phosphate

0.25 ± 0.02

0.19 ± 0.09

0.06

Guanosine Mono Phosphate

0.21 ± 0.02

0.25 ± 0.10

0.04

Thymidine Mono Phosphate

0.35 ± 0.02

0.28 ± 0.09

0.07

Uridine Mono Phosphate

0.29 ± 0.02

0.30 ± 0.09

0.01
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0.10

Table 2.1 continued
Amino acids

Predicted
µ23/RT
0.10 ± 0.02

Difference

Glycine

Experimental
µ23/RT
0.11 ± 0.01

Alanine

0.19 ± 0.01

0.18 ± 0.02

0.01

Threonine

0.27 ± 0.02

0.19 ± 0.02

0.08

Serine

0.11 ± 0.01

0.16 ± 0.02

0.05

Proline

0.22 ± 0.01

0.26 ± 0.02

0.04

Isoleucine

0.38 ± 0.03

0.29 ± 0.03

0.09

Valine

0.19 ± 0.03

0.27 ± 0.02

0.08

Lysine monohydrochloride

0.35 ± 0.01

0.35 ± 0.05

0.00

Monosodium glutamate

0.42 ± 0.04

0.29 ± 0.05

0.13

Potassium glutamate

0.15 ± 0.02

0.25 ± 0.05

0.10

Arginine hydrochloride

0.19 ± 0.01

0.26 ± 0.05

0.07

Amides and modified amino
acids
Urea

Experimental
µ23/RT
-0.07 ± 0.01

Predicted
µ23/RT
-0.30 ± 0.02

Difference

Guanidine hydrochloride

0.18 ± 0.02

0.09 ± 0.04

0.09

N,N-dimethylglycine

0.25 ± 0.01

0.30 ± 0.02

0.05

Betaine (trimethylglycine)

0.30 ± 0.01

0.35 ± 0.02

0.05

Diglycine

0.16 ± 0.01

0.17 ± 0.03

0.01

Triglycine

0.27 ± 0.03

0.27 ± 0.04

0.00

L-alanyl-L-glutamine

0.25 ± 0.01

0.33 ± 0.01

0.08

Acetyl alanine methylamide

0.36 ± 0.01

0.35 ± 0.03

0.01
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0.01

0.23

Table 2.1 continued
Carboxylates and carboxlic
acids
Citric acid

Experimental
µ23/RT
0.31 ± 0.01

Predicted
µ23/RT
0.32 ± 0.08

Difference

Trisodium citrate

0.41 ± 0.01

0.51 ± 0.08

0.10

Potassium citrate

0.39 ± 0.03

0.37 ± 0.08

0.02

Malic acid

0.28 ± 0.02

0.26 ± 0.01

0.02

Sodium Oxamate

0.42 ± 0.03

0.26 ± 0.04

0.16

Sodium propionate

0.34 ± 0.02

0.31 ± 0.03

0.03

Potassium acetate

0.27 ± 0.01

0.25 ± 0.03

0.02

Polyols

Predicted
µ23/RT
0.19 ± 0.01

Difference

Sorbitol

Experimental
µ23/RT
0.19 ± 0.01

Glycerol

0.27 ± 0.01

0.21 ± 0.01

0.06

Mannitol

0.27 ± 0.01

0.25 ± 0.01

0.02

Salts

Predicted
µ23/RT
-0.03 ± 0.06

Difference

Sodium phosphate dibasic

Experimental
µ23/RT
-0.04 ± 0.02

Potassium phosphate dibasic

-0.10 ± 0.02

-0.11 ± 0.06

0.01

Sodium Chloride

0.31 ± 0.02

0.25 ± 0.02

0.06

Potassium Chloride

0.20 ± 0.01

0.20 ± 0.02

0.00

Sodium pyrophosphate
tetrabasic

-0.08 ± 0.05

-0.03 ± 0.10

0.05
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0.01

0.00

0.01

tetrabasic had a negative µ23/RT, indicating its preferential interaction with trehalose
(Figure 2.14 and Table 2.1). We tested sodium phosphate dibasic and potassium
phosphate dibasic as additional salts containing phosphate groups. Sodium phosphate
dibasic had an interaction coefficient near zero, whereas potassium phosphate dibasic
was negative. This indicated that sodium and potassium ions are excluded from
trehalose. In the study done by Hong et al, sodium phosphate dibasic had the most
negative µ23/RT value of -0.785 ± 0.071 m-1 19. We were unable to obtain such low values
with sodium phosphate dibasic with VPO or freezing point depression osmometer. The
µ23/RT values for NaCl and KCl were highly positive which also indicated that sodium,
potassium and chloride ions were excluded from interacting with trehalose.
The µ23/RT values for the compounds are listed at the end of the results for each category
in Table 2.1.

2.3.9 -value calculation
If a compound has a positive μ23/RT value, it does not necessarily mean that all the atom
types on the compound exclude trehalose. The µ 23/RT value is the additive contribution
of the interaction of trehalose with different functional groups or atom types. There can
be functional groups that interact with trehalose, but the contribution to the μ 23/RT value
from the functional groups that exclude may be much higher. To understand the
contribution from each functional group on the overall μ23/RT value, -values were
calculated by fitting the data from each test compound to equation 2.3 using
matrices/multiple linear regression 12. The contribution of each functional group to the
overall μ23/RT can be used to understand the interaction between trehalose and various
compounds. Table 2.2 enlists the -values calculated for different functional groups from
values obtained from our study. Amide and cationic nitrogens, amines off of aromatic
carbons and phosphate oxygen are the only groups that have negative values, while all
the other atom types have positive α values.

2.3.10

VPO studies with folate

Previous in vitro and in vivo studies have indicated trehalose interacts with folate. The
weak interactions between trehalose and folate prevent the folate binding to the enzyme
dihydrofolate reductase and decrease its activity 5, 9. VPO studies were therefore
conducted to understand the preferential interaction of trehalose with folate. VPO studies
were conducted using 0.063 m of folate at pH 7 with 0.11-0.5 m trehalose. Folate is
soluble from 0.02-0.3 m in water at pH 7, but has a Kd of dimerization of 0.08 m 8. Folate
concentrations below 0.05 m yield data that are noisy and have high error. While a 0.63
m concentration of folate would have significant populations of both monomer and dimer,
it also gives VPO signals that yield accurate values. A μ 23/RT value of 0.46 ± 0.06 m-1
was obtained (Figure 2.15 and Table 2.3). This is indicative of preferential exclusion of
trehalose from folate at the concentration tested.
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Table 2.2: Atomistic interaction coefficients (α values) for trehalose with the different
surface types
α values (x104 m-1 Å-2)
From Hong et ala
From this current work
22.4 ± 0.8
14.8 ± 0.6
5.9 ± 1.5 or -8.9 ± 1.6
3.0 ± 0.8
-0.8 ± 0.7
2.0 ± 0.5
-19.6 ± 5.4
11.7 ± 1.8
-4.7 ± 2.2
-7.6 ± 1.2
-28.2 ± 2.1
6.1 ± 1.5
b
ND
9.5 ± 0.5
12.9 ± 2.1
-3.5 ± 1.4
-59.2 ± 5.1
-14.5 ± 2.0
b
ND
-3.9 ± 2.1
NDb
8.1 ± 2.3

Functional groups
Aliphatic C
Aromatic C
Hydroxyl O
Amide O
Amide N
Carboxylate O
Carboxylic acid O
Cationic N
Phosphate O
Amine N
Aromatic N

 values (x102 m-1)a
9±3
NDc
0±3

Ions
Na+
K+
Cl−
a

Data from reference [19].

b

Not determined.
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 values (x102 m-1)b
8.9 ± 1.3
4.6 ± 1.5
16 ± 1

0.04

Osmolality (mmol/kg)

0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
0

0.01
m2*m3

0.02

0.03

0.04

(molal2)

Figure 2.15: Plot of ∆Osm vs m2m3 to determine the preferential interaction coefficient of
folate with trehalose
The µ23/RT value was 0.46 ± 0.06 m-1. Trehalose is excluded from the solvation shell of folate.
The concentration used for the experiment was 0.063 m.
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Table 2.3: Comparison of the preferential interaction coefficient values obtained in Hong
et al studies vs this study
Compounds
Glycine
Proline
Alanine
Glycine betaine
Mannitol
Serine
Threonine
Diglycine
Phenylalanine
Na benzoate
Urea
Lysine HCl
NaCl
Na2HPO4

µ23/RT (m-1)
From Hong et ala
From the current study
-0.027 ± 0.008
0.11 ± 0.01
0.17 ± 0.01
0.22 ± 0.01
0.102 ± 0.013
0.019 ± 0.01
0.203 ± 0.009
0.30 ± 0.01
0.258 ± 0.013
0.27 ± 0.01
-0.014 ± 0.015
0.11 ± 0.01
0.128 ± 0.019
0.27 ± 0.02
0.012 ± 0.014
0.16 ± 0.01
0.035 ± 0.027
0.27 ± 0.01
-0.004 ± 0.038
0.26 ± 0.02
-0.139 ± 0.009
-0.07 ± 0.01
0.225 ± 0.025
0.35 ± 0.01
0.105 ± 0.016
0.31 ± 0.02
-0.785 ± 0.071
-0.04 ± 0.02

a

Data from reference [19] . bData from this current work.
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2.4 Discussion
Trehalose is an osmolyte of interest due to its dominance in most living forms as an
important osmoprotectant during stress conditions. Previous in vitro and in vivo studies in
the lab have identified that trehalose interacts with reduced folates, weakening their
association to their respective enzyme 5, 9. VPO studies, using 50 model test compounds,
were thus performed to shed additional light on the atomistic interactions between
trehalose and folate. The predicted preferential interaction coefficiencts, along with
experimental VPO studies on the interaction of trehalose with folate, have helped us gain
a better understanding of the extent of these weak interactions. In the discussion below
we have contrasted our results with an existing data set from Hong et al 19. Our studies
contain an additional 25 compounds that represent the atom types in folates: aromatic
carbons, aromatic nitrogens, cationic and amide nitrogens. Lastly, we have used literature
data on the interaction of trehalose with different proteins and ligands to compare the
ability of our data to predict interactions versus the Hong et al data 19.

2.4.1 Osmometry studies with trehalose
Hong et al used freezing point depression osmometry to determine the interaction
coefficients of trehalose with different functional groups 19. However, they did not fit their
∆Osm vs m2m3 data with a line that had an intercept of zero. As mentioned in the methods
section, an intercept of zero is expected if there are no self-interactions between
molecules of test compound or trehalose. While trehalose does self-associate at
concentrations above 0.5 M 13, both our study and the Hong et al study 19 used trehalose
concentrations below 0.5 M. Therefore, there trehalose self-interactions should not
interfere in our respective osmometry studies. The compounds that were fit with a line
that did not have an intercept of zero included: sodium benzoate, sodium chloride,
mannitol, threonine, serine, proline, lysine hydrochloride, glutamine, urea and diglycine.
These test compounds have been used in this study, and were fit with a line that had an
intercept set to zero. More positive interaction potentials have been reported in our
studies. Table 2.3 shows a comparison of the values reported in Hong et al 19 vs the VPO
studies performed in the Howell lab.
We were primarily interested in understanding the interaction of trehalose with aromatic
nitrogens and carbons, atom types that are present in folates. There was a discrepancy
on the effect of trehalose with aromatic groups reported by Hong et al. The compounds
used for the calculation of atomistic interaction coefficients for these atom types were
histidine, 4-benzylalcohol, phenylalanine and sodium benzoate. A positive  value was
reported when phenylalanine was used for the fitting, while a negative  value when
histidine was used for the fitting. There are several concerns about how they determined
the α value for aromatic atoms. First, phenylalanine has low solubility in water, so the
molality range used was narrow. Second, in the case of histidine, there was favorable
interaction with a negative µ23/RT. Histidine is a heterocyclic aromatic compound with
nitrogens and carbons in the ring. Hong et al 19 did not delineate these different atom
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types in their study. Additionally, imidazole rings are known to dimerize 21, which would
need to be taken into account when calculating the surface area of the atoms of histidine.
The surface areas of the atoms in histidine will change depending upon which atoms are
exposed to the solvent in the monomer compared to the dimer. If multiple concentrations
of histidine were used in their studies, then the ratio of monomeric to dimeric histidines
would change with the concentration of the amino acid. Also, if trehalose preferential
interacts with either the monomer or dimer of histidine more than the other, then this will
also shift the equilibrium. We have previously shown that betaine shifts the monomerdimer equilibrium of folate 7, 8. Changes in the monomer to dimer ratio with solution
condition makes predicting preferential interactions of trehalose with histidine difficult.
Hence the self-association of the imidazole ring makes histidine a non-ideal candidate for
osmometry studies. Our α value of 3.0 ± 0.8 and 8.1 ± 2.3 x 10-4 m-1 Å2 for aromatic
carbons and nitrogens, respectively, indicates that their positive value for aromatic atoms
(5.9 m-1 Å2) is more likely to the accurate value.
Comparing the  values from our study to Hong et al, our data contained more positive 
values (Table 2.2). Amide oxygens and carboxylate oxygens were predicted to
preferentially interact with trehalose according to Hong et al 19, but the prediction is
opposite in our data. Trehalose is predicted to stay away from the protein backbone. So
preferential exclusion of trehalose from amide oxygens can be one of the ways in which
trehalose is excluded from the protein surface and helping solvated proteins. The values
for trehalose interaction with sodium and chloride ions is predicted to be close to zero and
no data is available for interaction of trehalose with potassium ions. We predict
preferential exclusion of trehalose from sodium, potassium and chloride ions. It is also
observed that sodium, potassium and chloride salts of the compounds have higher
positive preferential interaction coefficients because of the exclusion of trehalose from the
ions.

2.4.2 Comparison of trehalose with other osmolytes
Comparing the atomistic interaction coefficients for several osmolytes (see Table 3.4 in
Chapter 3), it is noted that trehalose and glycerol have similar interaction coefficients for
most of the atom types except for aromatic carbons. Glycerol and trehalose are predicted
to participate in weak interactions via hydrogen bonding. On the other hand, the
interactions of the surface atoms with trehalose and with betaine and proline were
different. Trehalose preferentially interacted with phosphate oxygens and preferentially
excluded aromatic carbons. Betaine and proline on the other hand, preferentially
interacted with aromatic carbons and preferentially excluded phosphate oxygens. The
interaction of trehalose, betaine and proline were similar for other groups. That is, there
was preferential interaction with amide nitrogens, but preferential exclusion from amide
and carboxylate oxygens. This is one of the reasons why these osmolytes stay away from
the peptide backbone and hence do not interact with proteins, thus stabilizing them.
Trehalose has similar preferential interactions as TEG and PEG400 with most atom types
except for aliphatic carbons. Trehalose preferentially excludes aliphatic carbons whereas
TEG and PEG400 prefers to interact with them.
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2.4.3 Predicted preferential interaction coefficients for folate
We have used 50 model test compounds and segregated them as the aromatic groups,
carboxylates and carboxylic acids, polyols, amino acids and amides and salts. The
deconvolution of the preferential interaction coefficients into  values has allowed us to
understand the interaction of trehalose with surface atom types. Depending on the solvent
accessible surface area of the atoms types on folate, preferential interaction coefficient
of trehalose with folate can be calculated.
Using the -values obtained for the different atom types, the preferential interaction
coefficients for folate and folate precursor molecules were calculated. A μ 23/RT value of
0.54 m-1 was predicted using the -values from our studies, which predicts folate would
preferentially exclude trehalose. This is similar to the μ23/RT value from our experiments,
which was 0.46 m-1. We predicted the μ23/RT value for folate using the -values from
Hong et al and obtained a predicted value of -0.16 m-1 (Table 2.4), which is significantly
lower than our experimental value. This indicates that using atomistic interaction
coefficients for aromatic nitrogens, and improved values for aromatic carbons, leads to
more accurately predicted 23/RT values.
The preferential interaction coefficients can be predicted for other reduced folates. We
were specifically interested in enzymes of the folate pathway that use ligands containing
aromatic carbons and phosphate oxygens. Dihydropteroate synthase (DHPS) was one
such enzyme that condenses dihydropteridine pyrophosphate and para-aminobenzoate
(pABA) to form dihydropteroate. Using our values, pterin pyrophosphate (an analog of
dihydropterin pyrophosphate) was predicted to exhibit equal preference to interact with
trehalose and water. On the other hand, trehalose will preferentially exclude pABA. When
the αvalues from Hong et al studies were used, trehalose was predicted to preferentially
interact with pterin pyrophosphate, while pABA exhibited equal preference to trehalose
and water (Table 2.4). These variations in the results were checked by determining the
binding of the ligands to the enzyme DHPS in presence of trehalose using isothermal
titration calorimetry and are explained in detail in Chapter 3. ITC studies of pterin
pyrophosphate binding to DHPS in presence of 0.5 M and 1 M trehalose had negligible
effects on binding. pABA binding was tightened to DHPS in presence of 0.5 M and 1 M
trehalose. If there was equal preference of pteridine pyrophosphate to interact with
trehalose and water, then the presence of trehalose would not alter the binding affinity of
the ligand to the enzyme. This is what was reflected in our ITC results of pteridine
pyrophosphate binding to DHPS enzyme. On the other hand, if pABA preferentially
excluded trehalose, there is lower desolvation penalty that is associated with binding of
pABA to the enzyme in presence of trehalose. This is reflected as the tightened binding
of pABA to DHPS in presence of trehalose. Thus, our predicted preferential interaction
coefficients for folates seem to correlate with the experimental ITC data. We do
acknowledge that the addition of trehalose changes other solvent properties like viscosity,
dielectric constants and these have been discussed in more detail in Chapter 3.
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Table 2.4: The predicted and experimental preferential interaction coefficients for folate
Molecule
Folate
Pterin
pyrophosphate
pABA

Experimental
µ23/RT (m-1)a
0.46 ± 0.06

Predicted µ23/RT (m-1)
From this current
From Hong et alb
work
0.16
0.54 ± 0.08

NDc

0.875

-0.05 ± 0.07

NDc

0.096

0.11 ± 0.03

Data from this current work. bα values from reference [19] cND: not determined.

a
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2.4.4 Effect of trehalose on thermal protein unfolding
Atomistic interaction coefficients obtained from this study can also be used to calculate
the interactions of trehalose with proteins, or how it impacts the stability of proteins. The
experimentally obtained free energy of unfolding was compared to the difference in
predicted preferential interaction coefficient for the unfolded and folded variants of the
proteins in presence of trehalose (Table 2.5). The predictions of the interaction of
trehalose with proteins concur with the predicted free energy of unfolding. The free energy
of unfolding of five proteins RNAse, BSA, lysozyme, α-chymotrypsin and adenylate
kinase was obtained from literature 11, 15-17. The unfolding energies were close to the
predicted µ23/RT values. Our values were closer than Hong et al exept for BSA. This
highlights the importance of VPO technique and the use of  values to predict the
behavior of macromolecules in the presence of osmolytes.
While the predicted values are close to the experimental 23/RT values, they are not the
same. The most likely reason for the difference is that, under experimental conditions,
there are populations of molecules with different conformations. The predicted values
are typically obtained from just one static structure for the native protein, and one
denatured structure. The degree to which osmolytes interact will depend upon the
protein’s conformation, and which atom types are solvent exposed. Indeed, the 23/RT
values for a molecule will vary with its conformation. For 100 conformations of folate
obtained from molecular dynamic simulations varied from -0.18 to 0.09 m-1 depending
upon the extent to which the folate conformation was extend versus bent 7. More accurate
predicted 23/RT values may be obtained by using a set of structures for both the native
and denatured states of the proteins, and calculating an average preferential interaction
for each state.

2.4.5 Effect of trehalose on R67 DHFR enzyme kinetics
The experimental data for the effect of trehalose on R67 dihydrofolate reductase (R67
DHFR) reduction of dihydrofolate (DHF) 5 were not predicted well using either our 
values, or the values from Hong et al 19 (Table 2.5). There are several reasons for the
poor predictions. The predicted values are dependent upon the structures used calculate
the 23/RTs. Only one structure was used to predict the 23/RT values, while under
experimental conditions, proteins and ligands are in many different conformations. The
dependence of osmolyte interaction on the conformation of the protein, or particularly the
ligand, could account for some of the differences between the predicted and experimental
23/RT values, especially if there is a particular ligand conformation that is more likely to
bind to the protein. How much an osmolyte interacts with a favored binding conformation
would impact osmolyte effects on ligand binding more than its interaction with other
conformations of the ligand. Additionally, if the single, static conformation used in
predicting the 23/RT is not the predominant conformation adopted by the protein in
solution, then the predicted value will not be representative of what occurs in solution.
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Table 2.5: Comparison of the alpha values with the data in literature
23/RT (m-1)
Experimental

Predicted Honga

Predictedb

RNAse Ac

7.30.2d

5.90.02

6.00.01

Bovine serum albumine

212d

21.60.1

27.70.1

RNAse A, pH 2.5cf

4.960.15g

6.130.01

6.920.01

Lysozyme, pH 2.5f,h

4.320.29g

8.290.01

6.060.01

-chymotrypsin, pH 8.2if,i

15.00.9j

20.80.1

19.10.1

Adenylate kinasef,k

9.30.7l

7.20.1

9.90.1

DHF kinetics with R67
DHFR (kcat/Km)m

0.910.21n

-0.050.02

-0.480.01

PtPP binding to BaDHPSo

0.170.02p

1.40.1

0.060.01

pABA binding to BaDHPSq

-0.500.05p

0.170.03

-0.190.01

STZ binding to BaDHPSr

-0.390.04p

0.090.01

-0.130.01

 values from reference [19]. bFrom the current study. cBovine RNase A (PDB ID 3DH5) was
used [22]. dTrehalose interaction with folded RNAse A and BSA are taken from reference [11].
e
PDB 1D 3V03 used for the structure of bovine serum albumin [23]. fUnfolded structures for
RNase A and lysozyme were prepared in Pymol as extended peptides. gReversible DSC
unfolding data in the presence of trehalose were taken from reference [16]. hPDB ID 1JJ3 was
used from lysozyme [24]. iPDB ID 1T7C was used for the structure of bovine -chymotrypsin
[25]. jDSC unfolding free energies were taken from reference [17]. kPDB ID 1AKE was used for
the structure of adenylate kinase [26]. lThermal unfolding data were taken from reference [15].
m
R67 DHFR-NADPH and R67 DHFR-NADPH-DHF structures taken from reference [27].
n
Kinetics data were taken from reference [5]. oThe apoDHPS (PDB ID 1TWS) and DHPS-PtPP
(PDB ID 1TWW) structures were used [28]. pFrom Table 3 in Chapter 3. qDHPS-PtPP-pABA
structures was produced by replacing dihydropterin from PDB ID 3TYB with PtPP [29].
r
Dihydropterin in the PDB structure (3TYE) was replaced with PtPP to prepare the DHPS-PtPPSTZ file [29].
a
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Model structures that do not approximate what occurs in solution will not yield accurate
predictions of the preferential interactions of osmolytes.

2.4.6 Effect of trehalose on enzyme ligand binding
As mentioned in section 2.4.2, the  values were used to predict the influence of trehalose
on the binding of pterin pyrophosphate and pABA to the enzyme DHPS. The predicted
23/RT values of ligand binding correlated well with the experimental ITC results
obtained for pABA and STZ binding to DHPS in the presence of trehalose. Any differences
in between the predicted and experimental values most likely occurs due to the single
structures used in the predictions. Particularly since two loops that form the pABA and
STZ binding binding pocket are fairly dynamic 28, 29. Our prediction for PtPP binding to
apo-DHPS also concurred with the experimental value. Using the data from Hong et al
19, it would be predicted that PtPP binding should decrease more in the presence of
trehalose than it actually does.
Overall, despite very different atomistic interaction coefficients from the Hong et al 19 study
from this current work, the predicted 23/RT values are very similar. There are, however,
two experimental data sets where our atomistic interaction coefficients yielded more
accurate predictions of the data. The first is pABA binding to the DHPS-PtPP binary
complex. Our data predicted a value of -0.19 m-1 was the same sign as the experimentally
determined 23/RT of -0.50 m-1, while the value predicted from the Hong et al values,
was positive (0.17 m-1). The second data set, which had the largest difference between
the two predictions, was for PtPP binding to apo-DHPS (Table 2.5). The 23/RT
calculated using data from Hong et al 19, was 1.4 m-1, much higher than the experimentally
determined 0.17 m-1. The predicted value using our data was 0.06 m-1. These results
may indicate that the Hong et al data overestimated the interaction of trehalose with
phosphate groups. Though, there is not enough literature data to determine which data
set accurately predicts trehalose interactions with phosphates. There is experimental
data for the effect of trehalose on the ATP Km with H+-ATPase from Kluyveromyces lactis
30. Unfortunately, the structural data for the apo and ATP-, or ATP-analog, bound forms
of H+-ATPase for K. lactis are not available, so the predicted values cannot be calculated.
More experimental data sets are need, especially for structures that contain phosphate
groups, to distinguish our  values from those of Hong et al 19.

2.5 Conclusion
From our VPO studies, we find that trehalose is highly excluded from most atom types.
Phosphate oxygens, amines off of aromatic rings and amide, cationic nitrogens interact
with trehalose. Our  values are significantly different that those previously determined
by Hong et al 19. To determine which data set is correct, we compared experimentally
determined 23/RT values with those predicted by the two sets of  values. Most of the
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predicted values for both sets of  values were close to the experimental values,
suggesting that both our and Hong et al’s 19 data sets accurately predict trehalose
interactions.
Predicted 23/RT values for pterin pyrophosphate binding to
dihydropteroate synthase had the largest difference between the two sets of  values,
with our data set more accurately predicted the experimental values. This suggests that
our data more accurately predicts trehalose interactions with phosphates, though more
experimental data is needed to distinguish the two sets of  values.
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3 THE EFFECTS OF OSMOLYTES ON BINDING OF
LIGANDS AND SULFATHIAZOLE TO
DIHYDROPTEROATE SYNTHASE FROM BACILLUS
ANTHRACIS
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3.1 Introduction
Osmolytes are produced by cells in response to heat, dehydration, and high salt
concentrations, helping proteins to fold and properly function 1. Typical osmolytes used
to protect cells during stress conditions include amino acids and polyols, such as glycine
betaine and trehalose, respectively 2. These osmoprotectants are proposed to be
excluded from the protein surface 3-5, while denaturants, such as urea, can interact with
the protein 6. While most studies of osmolytes focus on their interaction with
macromolecular surfaces and how they affect protein stability and function 7-10, we have
recently found that ligands such as folate and dihydrofolate also weakly interact with
osmolytes 11-14. These weak contacts add a complicating layer to the effects of osmolytes
and are known as quinary interactions 15.
Our initial osmolyte studies were done with three structurally unrelated dihydrofolate
reductases (DHFRs), E. coli chromosomal DHFR 12, the plasmid-encoded antibiotic
resistant enzyme R67 DHFR 11 and the pterin reductase-like enzyme, FolM 13. Cofactor,
NADPH, binding became tighter in the presence of osmolytes, consistent with
dehydration of the protein-ligand interface and a smaller desolvation penalty 11. In
contrast, substrate, dihydrofolate (DHF), binding was weakened upon osmolyte addition
and is sensitive to osmolyte identity; similar effects were previously noted on the K m of
DHF in the presence of trehalose and sucrose 16. DHF and NADPH bind to symmetry
related residues in the active site 17, which indicates that the effects on DHF are not due
to osmolytes interacting with the active site pore. If osmolytes did interact with the protein
surface, then similar effects would be noted for both ligands. The NADPH data indicate
that the osmolytes affect binding by a “preferential exclusion” mechanism, where water
prefers to interact with the protein and ligand, while the osmolytes are excluded.
Elimination of osmolyte interactions with R67 DHFR altering DHF binding indicated that
the osmolyte effects were on free DHF. This observation indicates that osmolytes interact
with the free DHF in solution, which weakens binding of the ligand to the enzyme. If
osmolytes are more difficult to remove than water, then ligand binding is disfavored and
impedes binding to DHFR, which shifts the equilibrium towards the unbound species. In
the cases of EcDHFR and FolM 12, 13, there were further complicating effects on ligand
binding due to osmolytes interacting with the proteins in addition to DHF.
Other studies have provided chemical guidance for understanding the interactions
between osmolytes and ligands. For example, Record and coworkers have monitored the
preferential interaction coefficients (μ23/RT) for different osmolytes (betaine,18 glutamate
19, proline 20, urea 6 and PEGs 21) with numerous small molecules using vapor pressure
osmometry to determine how they interact with water as compared to the osmolyte.
These μ23/RT values for up to 30-50 different compounds were then deconvoluted into
chemical interaction coefficients (α-values), which describe the interaction of the osmolyte
with atoms/groups (e.g. aliphatic carbons, aromatic carbons, cationic nitrogens and amide
nitrogens, phosphate oxygens, carboxylate oxygens, hydroxyls, and carbonyls). More
recently, we have studied the interaction of betaine with folate and other small aromatic
compounds 22. In a similar manner, Hong et al. have studied the preferential interaction
of trehalose with many small molecules 23. Preferential interactions can be used to
understand osmolytes effects on ligand binding.
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We have already found that osmolytes interact with the ligands of DHFR 11, 12, 22, we want
to test whether osmolytes also interact with other ligands in the folate synthesis pathway.
In the present work, we focused on dihydropteroate synthase from Bacillus anthracis
(BaDHPS). DHPS is a dimeric α8β8 TIM barrel protein (62 kDa) that catalyzes the
condensation of 6-hydroxymethyl-7, 8-dihydropterin pyrophosphate (H2PtPP) and paminobenzoic acid (pABA) to form dihydropteroate and Mg2+-pyrophosphate (Figure 3.1).
H2PtPP binds first to the active site with the pyrophosphate coordinating with the Mg 2+
ion, which leads to a rearrangement of two conserved loops that create a previously
unformed binding pocket for pABA. Also of interest, sulfa drugs are competitive inhibitors
of DHPS and can react with H2PtPP to form sulfa-dihydropterin conjugates 24, 25. Sulfa
drugs have been used as antibacterial drugs since 1930’s 26 and are used to treat
bacterial and protozoal infections. There has been an alarming increase in sulfa drug
resistance, but the drugs are still used in combination with trimethoprim to treat several
infections 27. We have used the α-values for several osmolytes to predict how the DHPS
ligands may interact with various osmolytes and have evaluated the effects of the
osmolytes on substrate and drug binding to BaDHPS.

3.2 Materials and methods
3.2.1 Protein expression and purification
E.coli BL21 (DE3)-RIL cells with the dihydropteroate synthase gene from Bacillus
anthracis in a pET28a vector were a generous gift from Richard Lee from St. Jude
Children’s Research Hospital (Memphis, TN). BaDHPS was expressed according to a
literature protocol 28, but without using size exclusion chromatography. The protein
fractions were dialyzed four times against 40 mM HEPES, 4 mM MgCl 2, pH 7.6 buffer.
Aliquots of the protein were flash-frozen in liquid N2 and stored at -80 C. The protein
concentration and extinction coefficients were determined using the bicinchoninic acid
(BCA) assay (Pierce).

3.2.2 Isothermal titration calorimetry (ITC)
Pterin pyrophosphate, PtPP (Schircks Laboratories, Switzerland), an oxidized and stable
analog of the substrate H2PtPP, was used to prevent catalysis. Ligand binding was
monitored in 40 mM HEPES, 4 mM MgCl2, pH 7.6 in the presence or absence of cosolutes
(osmolytes) using a VP-ITC from MicroCal. The PtPP concentration was determined by
measuring the absorbance at 253 nm (253 = 23,500 M-1 cm-1) in 0.1 N NaOH 29. Typically
PtPP (300-1200 µM) was titrated into 25-50 µM BaDHPS monomer. The cosolutes used
for the experiments were trehalose, glycine betaine, proline, sucrose, glycerol,
tetraethylene glycol (TEG) and PEG400. At least two replicate titrations for each condition
were performed. Data were integrated using NITPIC software 30 and the replicates were
globally fit using a one-site binding model in SEDPHAT 31 to obtain the affinities,
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Figure 3.1: Structure and reaction mechanism of DHPS
A: DHPS is homodimeric (αβ)8 TIM barrel with each monomer represented in pink and cyan (PDB
ID: 1TWW) 25. B: DHPS catalyzes the formation of dihydropteroate through condensation of pABA
with dihydropterin pyrophosphate. The reaction proceeds in an ordered manner with
dihydropterin pyrophosphate occupying the center of the barrel. The pyrophosphate moiety is
cleaved leading to the formation of DHP+ carbocation intermediate. Loops 1 and 2 undergo
conformational change to allow pABA to access the binding pocket and form the product,
dihydropteroate 25, 28.
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stoichiometries and ∆H values. For titrations with a particular cosolute, buffer containing
that osmolyte was used in the reference cell. The “c value” (=[Ptotal]/Kd) for binding was
from 2-45, within the suggested range of 1-1000 32. The osmolalities of the solutions were
measured on a Wescor Vapro 5520 osmometer. The binding of 0.8-1.6 mM pABA (MP
Biomedicals) to BaDHPS (25-50 µM of monomer) saturated with 0.2 mM PtPP (~200
times the Kd) was studied in 40 mM HEPES, 4 mM MgCl2, pH 7.6 in the absence or
presence of cosolutes. The concentration of pABA was calculated by measuring the
absorbance at 267 nm using an extinction coefficient of 15,000 M-1 cm-1 33.
The effects of osmolytes on the binding of sulfathiazole (STZ, Tokyo Chemical Industry)
to BaDHPS were also monitored using ITC. The concentration of sulfathiazole was
obtained by measuring the absorbance at 254 nm (254 = 18,019 M-1 cm-1) in 0.1 M sodium
acetate buffer, pH 5 34. Sulfathiazole (800-1000 µM) was titrated into 19-25 µM BaDHPS
monomer saturated with 0.2 mM PtPP.

3.2.3 Viscosity measurements
The kinematic viscosities (/p in mm2/s) of the buffers with osmolytes were measured
using a Cannon-Feske viscometer at 25 oC 11. The densities (p in g/ml) were measured
using an Anton Paar DMA35 densitometer. The viscosity () of the buffers was calculated
by multiplying the density of the solution by the kinematic viscosity. Relative viscosities
(n/n0) were calculated using buffer without osmolyte as the reference.

3.2.4 Differential Scanning Calorimetry (DSC)
The stability of DHPS (6-18 μM monomer) in 40 mM HEPES buffer, pH 7.6, was
monitored between 15 and 95 °C at a scan rate of 1 °C/min using a Microcal VP DSC in
the presence of osmolytes 13. MgCl2 was not added as it resulted in precipitation of the
protein during the scan. Experiments were performed at least twice. The Origin software
supplied with the DSC was used for data analysis.

3.2.5 Circular Dichroism
The effects of osmolytes on the secondary structure of BaDHPS were monitored using
an AVIV model 202 CD spectrometer. BaDHPS (5-7 µM of monomer) was prepared in
different osmolyte solutions and the spectra were obtained at 25 oC in a 1 mm cuvette.
Blanks of buffer with each osmolyte were measured and used to subtract from the CD
spectra of the enzyme in the osmolyte solution.
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3.2.6 Computer Simulations
The BaDHPS-PtPP structure (PDB ID 1TWW) is missing loops 1 and 2, so to build back
the loops, the monomer in the apo-BaDHPS structure (PDB ID 1TWS) that possess loops
1 and 2 was aligned with the binary structure in PyMol 35. The PtPP ligands were then
copied into the aligned apo-BaDHPS structure, and this structure was used for the
simulations. Since Mg2+ was present in our ITC binding studies, a Mg2+ ion from the Y.
pestis DHPS structure (PDB ID 3TYZ), was also added to the binary complex structure.
PtPP, trehalose and zwitterionic proline were parameterized and the BaDHPS-PtPP
structure was prepared using the Amber simulation package 36. Previously prepared
parameterization files were used for betaine 22. A total of 171 osmolytes were added, for
a concentration of 0.65 M, to the solvation box (63 Å x 63 Å x 113 Å) using the program
PackMol 37. Simulations of the binary complex in water, or in the presence of osmolytes,
were performed using a previously described protocol 38. The ff14SB force field was used,
and the proteins were solvated using the TIP3P model in a 2 Å solvation shell, as well as
the lrcm_cm parameter set for Mg2+ 39. The systems were neutralized with Na+. Duplicate
production runs of 100 nanoseconds were performed under NVE conditions using 2 fs
timesteps. The simulations were performed using NVIDIA graphics cards and AMBER’s
pmemd.cuda MD simulation engine 40, 41.

3.2.7 Prediction of preferential interactions of ligands with osmolytes
Preferential interaction coefficients (23/RT) measure the extent to which molecules
interact with osmolytes, or are solvated by water 6, 18, 20-23. Preferential interaction
coefficients can be predicted for molecules like PtPP, pABA and sulfathiazole using
experimentally determined chemical interaction coefficients ( values) for a set of atom
types (aromatic or aliphatic carbons, hydroxyl, amide, carboxylate or phosphate oxygens,
and amide or cationic nitrogens) with individual osmolytes (betaine, trehalose, etc.) 6, 18,
20-23. Values of 23/RT greater than 0 indicate that the molecules are solvated by water,
while molecules that preferentially interact with osmolytes more than water have negative
23/RT values. A 23/RT value of 0, indicates it has equal preference for water and
osmolytes. The predicted 23/RT values were calculated using (Eq. 3.1) 18:
𝜇23
𝑅𝑇

= ∑𝑖 𝛼𝑖 𝑆𝐴𝑆𝐴𝑖 + ∑𝑘 𝛽𝑘 𝑛𝑘

Eq. 3.1

where i is an atom in the molecule, SASA is the solvent accessible surface area of the
atom, k is each type of ion (Na+, K+ or Cl-),  is the chemical interaction coefficient for the
osmolyte with each ion, and n is the number of ions associated with the molecule (3 Na+
for PtPP and 1 Na+ for pABA). The surface areas of the ligands were calculated from
structures obtained from the RCSB database using the program SurfaceRacer 42 and a
water probe radius of 1.4 Å. For PEG400, it was assumed that there are nine interior
ethylene glycol ethers when calculating the preferential interaction coefficient 21.
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3.2.8 Predicted preferential interactions for protein-ligand complexes
Values of 23/RT were predicted for the formation of ligand-protein complexes by
calculating the 23/RT values for the individual components, and then subtracting the
23/RT of the complex (binary or ternary) from the values for the protein (apo or binary)
and the free ligand. To add back loops 1 and 2 that are missing 28, the BaDHPS-PtPP,
BaDHPS-PtPP-pABA and BaDHPS-PtPP-STZ complexes were prepared by aligning the
PDB structures of the complexes with the apo-BaDHPS dimer in PyMol. The PDB
coordinates of the ligands where then copied into the apo-BaDHPS coordinates. The
23/RT values for the protein (apo or binary complex) and the bound structure (binary or
ternary complexes) were calculated as described above. The predicted 23/RT values
can be compared with those experimentally determined by ITC. The experimental
23/RTs for PtPP, pABA and STZ binding to BaDHPS were calculated using equation
3.2 6:
−

ln(𝐾𝑎 )
𝑚3

=

∆𝜇23
𝑅𝑇

Eq. 3.2

where Ka is the association constant, m3 is the molality of the osmolyte, R is the gas
constant and T is the temperature.

3.3 Results
3.3.1 Binding of ligands to Bacillus anthracis Dihydropteroate
Synthase (BaDHPS)
The binding of ligands to BaDHPS in buffer alone was studied prior to measuring the
effects of osmolytes. Ligand binding to BaDHPS occurs in an ordered fashion, with
dihydropterin pyrophosphate binding followed by conformational changes that allow the
second substrate, pABA, to bind 25. Upon binding of dihydropterin pyrophosphate to
DHPS, the pyrophosphate dissociates from the substrate, which forms a carbocation 25.
To avoid additional effects from the dissociation of the substrate, the stable analog, PtPP
was used in ITC binding studies (Table 3.1). Binding of PtPP was enthalpy driven (Figure
3.2). Our observed Kd of 1.01 ± 0.20 µM, with a stoichiometry of 1.09 ± 0.01, is similar to
the BaDHPS Km of 3.2 µM for dihydropterin pyrophosphate 25. While Km values can
contain additional rate information 43, we also note the substrate and its analog are in
different oxidation states, which can also account for some of the differences in the
affinities of the pterins. For example, the Kds of DHF and its oxidize form, folate, binding
to apo E. coli chromosomal DHFR are 1.8 and 4.7 µM, respectively 12.
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Figure 3.2: ITC data for the binding of PtPP to BaDHPS
A: The raw ITC data for addition of 1 mM PtPP to 40 µM apo-BaDHPS. B: The integrated
thermogram was fitted to a one-site binding model (red line). The thermodynamic parameters are
given in Table 3.1.
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Table 3.1: Thermodynamic parameters of ligand binding measured by ITC in 40 mM
HEPES, 4 mM MgCl2 buffer with pH 7.6, at 25 C

1.01 ± 0.20

∆G
(kcal/
mol)
-8.1

pABA

10.7 ± 0.5

STZ

2.57 ± 0.30

Protein/Protein
ligand complex

Ligand

Kd (µM)

BaDHPS

PtPP

BaDHPS-PtPP
BaDHPS-PtPP

-14.7 ± 0.2

T∆S
(kcal/
mol)
-6.5

1.09 ± 0.01

-6.8

-20.9 ± 0.3

-14.2

0.88 ± 0.01

-7.6

-22.3 ± 0.5

-14.7

0.80 ± 0.01
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∆Hobs
(kcal/mol)

n

There was no heat released when pABA was titrated into apo-BaDHPS, which indicates
the pterin moiety needs to be present for pABA to bind. These data are consistent with
ordered binding. Formation of a ternary complex involved binding of pABA to PtPPsaturated BaDHPS (Figure 3.3), which yields a Kd of 10.7 ± 0.5 µM (Table 3.1) and a
stoichiometry of 0.88 ± 0.01 per DHPS monomer. The Kd is higher than the Km for pABA
binding to dihydropterin pyrophosphate-BaDHPS, 1.8 µM 25. The Kd is also slightly higher
the 3.1 µM Kd reported for pABA binding to pyrophosphate saturated Staphylococcus
aureus DHPS 44.
Sulfathiazole (STZ) is a competitive inhibitor of DHPS that replaces pABA in the active
site, and can react with dihydropterin pyrophosphate to form a covalent dihydropterinSTZ product 23. ITC studies on BaDHPS by titrating STZ into the BaDHPS-PtPP binary
complex yielded a Kd of 2.57 ± 0.30 µM and stoichiometry of 0.80 ± 0.01 (Table 3.1). The
results indicated STZ bound 4-fold tighter to BaDHPS than pABA. The Km of STZ as a
substrate for BaDHPS is 0.33 µM 24. The Kds for both pABA and STZ are 10-fold weaker
than their Kms, which indicates that Kd and Km are not measuring the same value, and
that the Kms most likely have contributions from other steps in the kinetics mechanism.

3.3.2 Calculation of preferential interaction coefficients of various
osmolytes with the ligands of BaDHPS
To understand if osmolytes weakly interact with BaDHPS ligands and can perturb the
binding process, we predicted the preferential interaction coefficients (µ23/RT) for PtPP,
pABA and STZ with several osmolytes (Table 3.2). Cosolutes (osmolytes) with different
chemical nature and size were chosen, such as trehalose, betaine, proline, glycerol,
tetraethylene glycol (TEG) and PEG400. The α-values and atom types and surface areas
used in the calculations are listed in the supplement (Tables 1.1 and 3.3).
The 23/RT values predict different interactions of the osmolytes with PtPP, which can
affect binding of the ligand to BaDHPS. The phosphates on PtPP are predicted to interact
with water (which yields positive 23/RT values) and exclude most of the osmolytes.
However, trehalose is predicted to have a stronger preference to interact with phosphate
groups compared to water (negative 23/RT values) 23. Other contributors to the net
23/RT values include a preference for most of the osmolytes to interact more with
aromatic carbons compared to trehalose.
While there are differences between 23/RT values for pABA and sulfathiazole with the
different cosolutes, they are not as pronounced. These calculated 23/RT values were
most affected by the presence of nitrogens in the aromatic rings of sulfathiazole. These
aromatic nitrogens are similar to amide nitrogens, and osmolytes that interact with amide
nitrogens will interact with sulfathiazole more than pABA.
We also note that PEG400 is different from the other osmolytes because it is a polymer
with nine interior ethylene glycol ethers that interact with amide nitrogens and aromatic
carbons. As there are nine of these ethylene glycol units, its contribution gets multiplied
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Figure 3.3: Ternary complex formation in BaDHPS as monitored by ITC
A: The raw ITC data for titration of pABA (800 µM) to into the BaDHPS (30 µM) saturated with
PtPP (200 µM). B: Thermogram and the fit of the pABA titration. Residuals of the fit are shown
in the lower panel. C: The ITC data for titration of sulfathiazole (780 µM) into DHPS (30 µM)
saturated with 200 µM PtPP. D: The integrated areas and best fits for the titration. The
thermodynamic parameters are given in Table 3.1.
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Table 3.2: Predicted preferential interaction coefficients of osmolytes with PtPP, pABA
and STZ
Osmolyte
Trehalosea
Betaineb
Prolinec
Glycerold
TEGd
PEG400d
aCalculated

Predicted 23/RT (m-1)a
PtPP
pABA
-0.930
-0.096
0.852
-0.469
0.084
-0.079
0.265
-0.032
0.936
-0.070
6.09
-0.221

STZ
-0.027
-0.763
-0.246
-0.165
-1.04
-2.86

using the values from 23. bFor the values in 22. cFrom ref 20. dFrom ref 21.
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Table 3.3: Atom type and surface areas calculated from SurfaceRacer
of DHPS
PtPP
Atom namea Atom type
N1
aromatic nitrogen
C2
aromatic carbon
amine off of an aromatic
NA2
ring
N3
aromatic nitrogen
C4
aromatic carbon
O4
amide oxygen
C4A
aromatic carbon
N5
aromatic nitrogen
C6
aromatic carbon
C7
aromatic carbon
N8
aromatic nitrogen
C8A
aromatic carbon
C9
aliphatic carbon
O10
phosphate oxygen
P11
phosphate phosphorus
O12
phosphate oxygen
O13
phosphate oxygen
O14
phosphate oxygen
P15
phosphate phosphorus
O16
phosphate oxygen
O17
phosphate oxygen
O18
phosphate oxygen
pABA
Atom namea Atom type
amine off of an aromatic
N10
ring
C11
aromatic carbon
C12
aromatic carbon
C13
aromatic carbon
C14
aromatic carbon
C15
aromatic carbon
C16
aromatic carbon
C
aliphatic carbon
O
carboxyl oxygen
O2
carboxyl oxygen

SASA (Å2)
23.9
4.7
61.7
24.4
7.6
37.5
5.4
8.2
2.8
30.4
29.0
5.0
35.6
13.6
0
31.0
25.8
12.7
0
41.2
27.3
46.1
SASA (Å2)
63.4
5.2
30.4
25.6
5.5
25.7
30.4
10.5
44.8
44.8
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42

for the ligands

Table 3.3 continued
sulfathiazole
Atom namea Atom type
SASA (Å2)
amine off of an aromatic
N10
53.7
ring
C11
aromatic carbon
3.6
C12
aromatic carbon
27.5
C13
aromatic carbon
37.4
C14
aromatic carbon
9.4
C15
aromatic carbon
15.0
C16
aromatic carbon
35.8
S
aliphatic carbon
0
O
amide oxygen
31.9
O2
amide oxygen
37.4
nitrogen off an aromatic
N
19.2
ring
C17
aromatic carbon
12.3
S18
aromatic nitrogen
5.7
C19
aromatic carbon
55.9
C20
aromatic carbon
50.6
N21
aromatic nitrogen
21.7
aThe atom names are based on the folate atom naming scheme.
Structures:
PtPP

pABA

STZ

Ligand binding studies in the presence of osmolytes
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3.3.2.1

Pterin pyrophosphate binding to BaDHPS

To assess our predictions of the effects of osmolytes on PtPP binding to DHPS, we added
various cosolutes to the ITC titrations (Figure 3.4A). Within error, neither trehalose nor
sucrose (another polyol osmolyte) weakens binding. However, addition of either 2 M
betaine or 20% TEG tightens binding, 5- and 8-fold, respectively (Table 3.4). Osmolytes
tighten binding in the following order: PEG400 > betaine/TEG > proline/glycerol. While
the Kd values for PtPP binding in the presence of 10% PEG400 are in the range of the
10% TEG values, the osmolalities of the PEG400 solutions are lower, thus they have a
stronger effect, as seen by the slope in the plot. Except for the predicted interaction of
the PtPP phosphates with trehalose, which should weaken PtPP binding, in general, the
osmotic stress effects follow the predicted µ23/RT values, suggesting they are useful if
there are no additional layers involved (i.e., conformational changes upon ligand binding,
or osmolytes interacting with the protein/binding site). We additionally tried using larger
cosolutes in our studies (PEG3350, PEG8000 and 40 kDa dextran); however, this
resulted in precipitation of BaDHPS (data not shown).

3.3.2.2

pABA binding to DHPS-PtPP

Next, we added cosolutes to the titrations of pABA into BaDHPS saturated with PtPP
(Figure 3.4B). Different patterns were observed in comparison to PtPP. While PtPP
binding was unaffected to slightly weaker in the presence of trehalose, and tightened
binding in the presence of betaine, the opposite trends were noted for pABA. Binding of
pABA became tighter in the presence of trehalose, but weaker when betaine was the
cosolute. While our more negative 23/RT values (Table 3.2) predicted pABA binding in
the presence of betaine and PEG400 to be the weakest, we observed the biggest effect
experimentally (~3 fold weaker binding) in the presence of proline. Osmolyte effects that
weaken binding followed the order: proline > betaine > glycerol. K d values for pABA in
the presence of PEG400 were within error of those in buffer. Tighter pABA binding (up
to 1.6-fold) was observed in the presence of TEG, trehalose and sucrose. As none of
the osmolytes had positive 23/RT values above 0.002 (the value for glycerol) that would
predict much tighter binding (Table 3.5), these results mostly seem reasonable.

3.3.2.3

Binding of Sulfathiazole to BaDHPS

The effects of cosolutes on the sulfa drug, STZ, binding to PtPP saturated BaDHPS were
also measured (Figure 3.4C). PEG400/proline/betaine/TEG all weakened STZ binding
to similar extents, with 2 M betaine increasing the Kd up to 5-fold (Table 3.6). Sulfathiazole
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Figure 3.4: The effects of various osmolytes on the binding of ligands to BaDHPS for A:
PtPP, B: pABA, and C: STZ
The ln(Ka) values are plotted versus osmolality for buffer (●), trehalose (●), betaine (▲),
proline (), sucrose (▼), glycerol (■), TEG (), and PEG400 (♦).
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Table 3.4: Thermodynamic parameters for the effects of osmolytes on PtPP binding to
BaDHPS

Osmolyte

Osmolalit
y (Osm)

No osmolyte

0.08

0.5 M
trehalose
1M
trehalose

0.66
1.08

1 M betaine

1.06

2 M betaine

1.53

1 M proline

1.10

2 M Proline

2.22

0.5 M
sucrose

0.71

1 M sucrose

1.06

10% glycerol

1.59

20% glycerol

2.60

10% TEG

0.91

20% TEG

1.29

5% PEG400

0.25

10%
PEG400

0.51

Kd
(µM)
1.01 ±
0.20
1.10 ±
0.30
1.20 ±
0.30
0.22 ±
0.06
0.19 ±
0.08
0.54 ±
0.07
0.31 ±
0.02
0.89 ±
0.08
1.13 ±
0.09
0.65 ±
0.07
0.38 ±
0.11
0.32 ±
0.07
0.12 ±
0.05
0.44 ±
0.09
0.30 ±
0.07

∆G
(kcal/mol)

-8.1
-8.1
-8.1
-9.1
-9.2
-8.6
-8.9
-8.2
-8.1
-8.4
-8.8
-8.9
-9.5
-8.7
-8.9
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∆Hobs
(kcal/mol
)
-14.7 ±
0.2
-13.5 ±
0.2
-11.9 ±
0.3
-17.2 ±
0.3
-15.8 ±
0.3
-17.7 ±
0.1
-16.4 ±
0.1
-13.4 ±
0.2
-13.2 ±
0.2
-14.1 ±
0.3
-14.8 ±
0.3
-19.4 ±
0.3
-16.8 ±
0.3
-14.5 ±
0.2
-16.9 ±
0.2

T∆S
(kcal/mol
)
-6.5
-5.3
-3.9
-8.1
-6.6
-9.1
-7.5
-5.2
-5.1
-5.7
-5.9
-10.6
-7.3
-5.8
-8.1

n

1.09 ±
0.01
1.10 ±
0.01
1.07 ±
0.01
1.09 ±
0.02
0.87 ±
0.01
0.76 ±
0.01
0.60 ±
0.01
0.80 ±
0.01
0.78 ±
0.01
0.88 ±
0.01
0.83 ±
0.01
0.63 ±
0.01
0.92 ±
0.01
0.91 ±
0.01
0.66 ±
0.01

Table 3.5: Thermodynamic parameters for the effect of osmolytes on pABA binding to
PtPP-BaDHPS by ITC
∆G
∆Hobs
(kcal/mol) (kcal/mol)

Osmolyte

Osmolality
(Osm)

Kd
(µM)

No osmolyte

0.08

10.7 ±
0.5

-6.8

0.69

8.2 ± 0.1

-6.9

1.13

6.3 ± 0.7

-7.1

0.5 M
trehalose
1M
trehalose

14.5 ±
0.7
17.8 ±
3.2
18.3 ±
1.7
30.5 ±
2.3

1 M betaine

1.09

2 M betaine

2.13

0.5 M proline

0.62

1 M proline

1.11

0.5 M
sucrose

0.71

8.1 ± 0.3

-6.9

1 M sucrose

1.09

7.5 ± 1.8

-6.9

10% glycerol

1.57

20% glycerol

2.60

10% TEG

0.91

8.8 ± 1.0

-6.9

20% TEG

1.25

6.5 ± 0.5

-7.1

7.5%
PEG400
10%
PEG400

0.35
0.51

11.1 ±
0.5
12.1 ±
1.6

10.5 ±
1.6
11.3 ±
2.3

-6.6
-6.5
-6.5
-6.2

-6.8
-6.7

-6.8
-6.8
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-20.9 ±
0.3
-21.9 ±
0.7
-20.5 ±
0.8
-18.3 ±
0.5
-20.7 ±
2.8
-23.3 ±
2.4
-20.9 ±
1.4
-21.9 ±
0.5
-21.1 ±
3.1
-20.3 ±
0.7
-18.8 ±
1.7
-22.1 ±
1.4
-22.4 ±
0.7
-24.1 ±
3.3
-24.1 ±
2.2

T∆S
(kcal/mol)
-14.2
-15.7
-13.4
-11.7
-14.3
-16.8
-14.8
-14.9
-14.1
-13.5
-12.1
-15.2
-15.4
-17.2
-17.3

n
0.88 ±
0.01
0.81 ±
0.01
0.83 ±
0.01
0.93 ±
0.03
0.78 ±
0.07
0.69 ±
0.05
0.79 ±
0.04
0.65 ±
0.01
0.55 ±
0.06
0.74 ±
0.02
0.85 ±
0.06
0.60 ±
0.02
0.82 ±
0.01
0.77 ±
0.09
0.71 ±
0.08

Table 3.6: ITC thermodynamic parameters for osmolytes effects on sulfathiazole binding
to PtPP-BaDHPS

Osmolyte

Osmolality
(Osm)

Kd
(µM)

∆G
(kcal/mol)

∆Hobs
(kcal/mol)

T∆S
(kcal/mol)

n

No osmolyte

0.08

2.6 ± 0.3

-7.6

-22.3 ± 0.5

-14.7

0.80 ±
0.01

0.5 M trehalose

0.49

2.3 ± 0.1

-7.7

-23.5 ± 0.3

-15.8

0.79 ±
0.01

1 M trehalose

1.03

1.8 ± 0.3

-7.9

-23.1 ± 1.0

-15.2

0.80 ±
0.01

1 M betaine

1.05

8.5 ± 0.6

-6.9

-22.2 ± 0.9

-15.3

0.80 ±
0.01

2 M betaine

1.99

15.5 ± 1.0

-6.6

-21.9 ± 1.2

-15.4

0.87 ±
0.01

0.5 M proline

0.62

4.9 ± 0.4

-7.2

-24.2 ± 0.7

-16.9

0.77 ±
0.01

1 M proline

1.05

10.5 ± 1.0

-6.8

-24.4 ± 1.4

-17.6

0.77 ±
0.03

0.5 M sucrose

0.76

2.3 ± 0.2

-7.7

-24.6 ± 0.6

-16.9

0.78 ±
0.01

1 M sucrose

1.05

2.0 ± 0.2

-7.8

-24.9 ± 0.7

-17.1

0.70 ±
0.01

10% glycerol

1.50

3.3 ± 0.3

-7.4

-26.4 ± 0.5

-18.9

0.79 ±
0.01

20% glycerol

2.90

4.6 ± 0.3

-7.3

-26.3 ± 0.6

-18.9

0.77 ±
0.01

10% TEG

0.84

5.2 ± 0.3

-7.2

-24.6 ± 0.6

-17.3

0.83 ±
0.01

20% TEG

1.34

8.5 ± 0.6

-6.9

-27.7 ± 0.9

-20.8

0.67 ±
0.03

5% PEG400

0.25

4.8 ± 1.9

-7.3

-26.9 ± 3.7

-19.6

0.76 ±
0.03

7.5% PEG400

0.36

6.0 ± 1.8

-7.1

-26.1 ± 3.7

-18.9

0.80 ±
0.07
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binding was approximately 1.7 times weaker in the presence of glycerol, while
trehalose/sucrose marginally tightened binding up to 1.5-fold. Again, these results mostly
seem reasonable based on the predicted µ23/RT values provided in Table 3.2.

3.4 Effects of Viscosity, Dielectric Constant and Volume
Exclusion on Ligand Binding to BaDHPS
While preferential interaction coefficients likely play a large role in modulating binding,
other solvent properties, such as viscosity, dielectric constants and/or volume exclusion
effects, could also be involved. For the osmolytes used in this study, there were no
observable trends in the ln(Ka) versus viscosity of the solutions for PtPP, pABA or STZ
(Figure 3.5). For example, the TEG solutions have higher viscosities than those of
trehalose, yet the two osmolytes have opposite effects on the binding of the three ligands.
Additionally, 0.5 M trehalose and 2 M betaine have similar viscosities, yet the trehalose
weakened PtPP binding, while binding of PtPP was tighter in the presence of betaine.
Further, at viscosities that weakened PtPP binding to BaDHPS, the binding of pABA
became tighter. If viscosity were the reason for the differences in binding, its effects would
be consistent with all ligands. These results together indicate that viscosity is not a
contributing factor to how the osmolytes alter ligand binding to BaDHPS.
The solution dielectric constant can affect binding upon cosolute addition. Dielectric
constants of the cosolutes used in the study were obtained from literature 45-47. Betaine
addition increased the dielectric constant of the solution but imposed opposite effects on
PtPP and pABA binding to BaDHPS (Figure 3.6). Again, if alterations in dielectric
properties affected ligand binding, the effects would be consistent for both ligands.
Moreover, 1 M trehalose and 20% glycerol have similar dielectric constants but had
opposite effects on PtPP and pABA binding to BaDHPS. These various results suggest
that the observed changes in ligand binding in the presence of cosolutes were not due to
alterations in the dielectric properties.
Further, volume exclusion effects were explored as contributing factors for differences in
binding in the presence of osmolytes (Figure 3.7). It is predicted that if excluded volume
effects deter binding, the trend in altered binding would be consistent with the change in
the molecular volume of the added cosolute 48, 49. However, there were no such
correlations between the molecular volumes of the cosolutes and their effects on binding
of the ligands to BaDHPS. Therefore, volume exclusion most likely does not play a role
in the changes associated with ligand binding in presence of cosolutes.

3.5 Stability of DHPS in the presence of osmolytes
Osmolytes can additionally interact with proteins, thus we performed CD and DSC to
evaluate any of these effects. CD spectra in the presence of betaine and proline could
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Figure 3.5: Plots for effect on viscosity on ligand binding
ln Ka versus relative viscosity was plotted for A: PtPP B: pABA and C: STZ. The data points are
represented buffer (●), trehalose (●), betaine (▲), proline (), sucrose (▼), glycerol (■), TEG
(), and PEG400 (♦).
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Figure 3.6: The change in ligand binding as a function of dielectric constant
The ln(Ka) versus the dielectric constant of the solution was plotted for A: PtPP, B: pABA and C:
STZ. The data points are represented as (●) for buffer, (●) for trehalose, (▲) for betaine, () for
proline, (▼) for sucrose, (■) for glycerol, () for TEG, and (♦) for PEG400.
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Figure 3.7: Slope of lines from the data in Figure 3.4 vs ln molar volume for all three
ligands, A: PtPP, B: pABA and C: STZ
The data points colored as trehalose (●), betaine (▲), proline (), sucrose (▼), glycerol (■), TEG
(), and PEG400 (♦). No correlation was found between the volume occupied by the osmolyte
and its effect on binding of the ligand to DHPS.
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not be measured due to the high absorbance of the osmolytes below 240 nm. The
secondary structure of BaDHPS in buffer and most of the osmolytes showed minima at
210 and 220 nm. However in presence of PEG and higher concentrations of TEG, the
minimum was around 210 nm and none was seen at 220 nm (Figure 3.8). This indicated
that PEG may induce changes in the secondary structure of BaDHPS. Previous studies
have found addition of osmolytes/crowders can induce changes in active site volume,
perhaps due to compression associated with the osmotic stress 7, 10.
DSC thermograms of BaDHPS in buffer had a single unfolding transition with a Tm of 45.3
± 0.7 C (Figure 3.9). The unfolding of BaDHPS with increasing temperature was
irreversible, so all thermodynamic parameters obtained from fits of the data are apparent
(Table 3.7). The Tm of 45.3 C is similar those reported for two different wild type variants
from Staphylococcus aureus DHPS, with Tms of either 38.6 C or 42.4 oC 44.
Addition of 1 M trehalose to BaDHPS increased the Tm to 56.4 ± 0.3 C, while addition of
2 M betaine increased the Tm to 58.1 ± 0.1 C (Figure 3.10). Both osmolytes have
stabilizing effects on the protein. Betaine and trehalose have both been indicated to
stabilize proteins by a preferential exclusion mechanism 6, 50-52. The betaine or trehalose
DSC results are consistent with this model as addition of either cosolute increased the
BaDHPS Tm (Table 3.8). Even in the presence of osmolytes the unfolding of the protein
was irreversible, therefore enthalpy of unfolding is reported as an apparent (Happ). The
addition of trehalose, betaine and proline did not change Happ. The presence of TEG
and PEG400 both destabilized DHPS, decreasing the Happ 2 to 3-fold, while the Tm was
mostly unaffected. The thermal destabilization of DHPS by TEG and PEG400 indicates
that they may interact with the protein.

3.6 Computer Simulations
To determine if the osmolytes accumulate near the active site short, 100 ns, simulations
were performed in the presence of 0.65 M betaine, proline or trehalose, as these small
molecule osmolytes had the biggest effect on ligand binding to BaDHPS. Trehalose would
form clusters during the simulation. Clustering of trehalose has been noted previously,
even at concentrations as low as 0.22 M 53. One of the hydroxyls of at least one molecule
of trehalose was within 5 Å of the phosphates of PtPP in one of the active sites of
simulation 1 and both the active site PtPP molecules in simulation two 80% of the time
(Figure 3.11). This indicates that trehalose is most likely interacting with the phosphates
of the bound PtPP as well. Since the ligand is partially solvent exposed, there is access
for the osmolytes to enter the active site and interact with the phosphate oxygens. These
data concur with phosphate oxygens preferentially interacting with trehalose over water
23. However, trehalose was found within 5 Å of the other active site’s PtPP phosphates
only 35% of the time. The discrepancy in trehalose proximity to this PtPP and the other
PtPPs in the simulation could occur if the active site is slightly less solvent exposed for
the PtPP that interacts with a trehalose only 35% of the time. Additionally, the clusters of
trehalose near the active site may make it harder for single osmolyte molecules to enter
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Figure 3.8: The secondary structure of BaDHPS is unaffected by most of the osmolytes,
except PEG400
CD spectra were performed in buffer (light grey line), 1 M trehalose (cyan line), 1 M sucrose
(purple line), 20% glycerol (orange line), 10% TEG (dark green line), 5% PEG400 (red line) and
10% PEG400 (brown line).
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Figure 3.9: DSC data for 19.3 µM of DHPS monomer in 40 mM HEPES, pH 7.6 at a scan
rate of 1 0C/min
The solid black line represents the thermogram and the red line represents the fit to a single
transition in a two-state unfolding model (folded to unfolded). Fit of the data yields a Tm of 45.3 ±
0.7 oC.
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Figure 3.10: DSC scans of BaDHPS in solutions containing varying concentrations of
osmolytes
Addition of the osmolytes increased the melting temperature of the enzyme with respect to the
buffer. Increased concentration of the osmolyte resulted in a further increase in the melting
temperature. The addition of betaine and trehalose increased the thermal stability of BaDHPS.
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Table 3.7: Melting temperatures (Tm) of BaDHPS in 40 mM HEPES pH 7.6 in the absence
and presence of osmolytes using DSC
Protein with osmolyte

Tm (C)

∆Happ (kcal/mol)a

Buffer

45.3 ± 0.7

80 ± 16

0.5 M trehalose

47.6 ± 0.3

55 ± 8

1 M trehalose

56.4 ± 0.3

114 ± 39

1 M betaine

51.3 ± 0.1

88 ± 4

2 M betaine

58.1 ± 0.1

98 ± 5

0.5 M proline

45.9 ± 0.1

99 ± 1

1 M proline

45.9 ± 0.1

82 ± 1

10% TEG

45.2 ± 0.1

48 ± 4

20% TEG

44.2 ± 0.1

55 ± 3

5% PEG400

47.7 ± 0.1

28 ± 1

a

The unfolding of BaDHPS was irreversible under these conditions, therefore the enthalpy of
unfolding is reported as an apparent value (∆Happ).
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Fraction of Time Osmolyte
is within 5 Å of PtPP
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100

Trehalose near the 1st PtPP
Trehalose near the 2nd PtPP
Betaine near the 1st PtPP
Betaine near the 2nd PtPP
Proline near the 1st PtPP
Proline near the 2nd PtPP

80
60
40
20
0
Simulation 1

Simulation 2

Figure 3.11: The fraction of the time that an osmolyte is near the phosphate group of PtPP
during the 100 ns computer simulations
Simulations contained 0.65 M osmolyte. Data are shown for the duplicate simulations, as well as
each of the two PtPP molecules in the complex.
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the active site to interact with the phosphates. Overall, though, the simulation data
suggest that trehalose interacts with PtPP bound in the BaDHPS active site.
Betaine and proline are both excluded from phosphate oxygens 18, 20, 22, which are
preferentially solvated by water molecules. Therefore, it was predicted that the two
osmolytes would not be found near the bound PtPP during the simulations. For the
betaine and proline simulations, the distances between the cationic nitrogens of the
osmolytes and the phosphate oxygens on PtPP were calculated. Betaine was mostly
absent from the active site, with an osmolyte residing near the phosphate oxygens of
PtPP less than 10% of the time during the simulation (Figure 3.11). This is not surprising
as betaine tends to be excluded from the surface of phosphate groups 18, 22. Proline is
also predicted to be highly excluded from phosphate oxygens 20; however, there was at
least one osmolyte molecule within 5 Å of the phosphate oxygens at least 35% of the time
during the simulations. If proline is not interacting with the phosphates of PtPP, then this
indicates that the cyclic amino acid may be interacting with some of the residues in the
active site. Further analysis will need to be performed to explore these potential
interactions. Overall, these simulation data indicate that trehalose and proline are likely
to associate with the active site of BaDHPS. Though, this is only a preliminary analysis of
the simulation results. Further analysis still needs to be performed. The types of
interactions formed between the osmolytes and the PtPP ligand, as well as interactions
of the osmolytes with protein residues are still being measured.

3.7 Discussion
3.7.1 Effects of cosolutes on ligand binding to BaDHPS
Addition of PtPP to apo-BaDHPS in the presence of osmolytes shows variable effects
that are mostly consistent with the µ23/RT predictions provided in Table 3.2. One
consideration is how the phosphates of PtPP are interacting with the active site, a SN1
reaction can slowly result in loss of the pyrophosphate moiety 25. Pyrophosphate likely
remains trapped in the anion binding pocket where it is proposed to help position several
loops to accommodate the incoming pABA 25.
Addition of pABA, as well as STZ, to PtPP-BaDHPS in the presence of osmolytes shows
variable effects that are mostly consistent with the µ23/RT predictions provided in Table
3.2. Additional interactions that could be involved include effects of osmolytes the on two
flexible loops that help establish the pABA/STZ site. Using both the BaDHPS and
Yersinia pestis DHPS (YpDHPS) structures, Yun et al. note the pABA site only forms in
the ternary complex 25.
They also provide crystal structures of dihydropterin
pyrophosphate-STZ structures showing that that STZ can replace pABA as the second
substrate, allowing formation of sulfonamide-pterin adduct as an alternate product.
The effect of osmolytes on STZ is less pronounced than on pABA. This could be seen
as the fold effect of the osmolytes on each of the ligand. Possibly the effects are less on
STZ because it binds tighter to the enzyme. In one example, PEG400 and TEG had
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opposite effects for pABA and STZ binding, weakening the binding of the sulfadrug, but
having no affect to slightly tightening pABA binding. STZ has an extra thiazole group
which has the sulfate oxygens, amide nitrogen and the aromatic nitrogens. Record and
coworkers have reported that aromatic nitrogens can be treated as amide nitrogens.
Looking at the  values, TEG and PEG400 are predicted to interact with the amide
nitrogens, thus decreasing the association of STZ to the enzyme. Comparing this to
pABA, which does not have amide/aromatic nitrogens, the predicted 23/RT is less
positive and hence the effects on association are not weakened. Additionally, there are
mutations in DHPS that are present beyond the substrate envelope and these cause a
decrease in binding of STZ but does not affect binding of pABA 25, 44. Perhaps the
osmolytes interact, or change the structure, of the residues/loops that interact with STZ,
but not pABA.
We initially had tried large molecular weight cosolutes (crowders) in our studies.
However, ligand stoichiometries for high molecular weight PEGs and dextrans (data not
shown) tended to be lower than for other osmolyte conditions (Tables 3.5-3.7), perhaps
these crowders can change the size or shape of the active site. This notion could fit with
the YpDHPS 25 crystal structure data that once H2PtPP is bound to the enzyme, and the
SN1 reaction occurs, the subsequent interaction of Mg2+ with loops 1 and 2 allows the
formation of the pABA site from conserved residues F33, P69, K220, and F189. Loop 1
was also proposed to form a lid over the active site.
Further, detailed temperature jump studies by the Callender and coworkers on ligand
binding and loop movement in lactate dehydrogenase 54 and triose phosphate isomerase
55 found osmolyte effects can shift the enzyme to prefer substrate binding competent or
incompetent species. In general, they conclude “osmolyte-induced changes in the energy
landscape of the protein complexes can shift the conformational nature of functional substates within the protein ensemble.” The crowders may cause BaDHPS to favor
conformations that are less likely to bind ligands, resulting in lower stoichiometries of
binding. More recent studies find potential roles for changes in protein dynamics 56 and
trapped waters 57, which can vary depending on osmolyte identity as well as altered water
structure in a crowded environment 58.

3.7.2 The role of cosolvent properties in their effects on binding
Viscosity affects the diffusion of reacting species as well as changes the enzyme motions,
which leads to alterations in enzyme kinetics. A direct correlation has been reported
between the decrease in velocity of enzyme and increasing viscosity of the solvent 59. In
our system, the added viscogens affected the Kd of all the ligands. The increase in the
viscosity, however, was not responsible for this alteration in ligand binding (Figure 3.5).
Addition of cosolutes can alter the polarity of the solvent, particularly the dielectric
constant. No trend was observed in our experiments when the ligand binding to DHPS
was plotted as a function of the dielectric constant. It has been previously suggested that
the addition of organic solvents and dielectric changes in the medium affect enzyme
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substrate complexes where hydrophobic interactions dominate binding as compared to
electrostatic interactions 60.
Exclusion for a certain volume due to occupancy by other molecules gives rise to volume
exclusion effects. Increased crowding/volume exclusion leads to favoring of the bound
state in the reaction equilibrium 48. In our study there is no trend seen with increase in
molar volume occupied by the cosolute and tight binding. Similarly, there were no volume
effects on cyclic AMP receptor protein binding to its target DNA when cosolutes had
molecular volumes less than 6 mL/mol 61. Only when larger crowders were used did
volume exclusion effects become more apparent. Our data indicate that viscosity,
dielectric and volume exclusion effects are not playing a role in how osmolytes alter the
binding of ligands to BaDHPS. This leaves preferential interaction as the main conduit of
the osmolyte effects.

3.7.3 Preferential interaction of osmolytes with the ligands of DHPS
Osmotic stress effects can be complicated and layered 62. The simplest case is
preferential exclusion, where the osmolytes do not interact with the protein surface. This
typically results in all osmolytes showing the same effect and tightening ligand binding.
Examples of this behavior include NADPH binding to R67 DHFR 11, and binding of E. coli
lactose repressor to its regulatory site in the lac promoter and its transfer from the O1 site
to nonspecific DNA 63. Osmolytes can also weakly interact with the protein surface. This
results in variable effects on ligand binding, from tighter to weaker binding 11-13. In
addition, preferential interaction studies have raised the possibility of osmolytes
interacting with small molecules, such as substrates, cofactors, drugs, sugars, amino
acids, etc 14. While weak, if they are more difficult to remove than water, the binding
equilibrium will be shifted towards the free species, loosening binding. Here, we discuss
these various possibilities for BaDHPS.
One way for osmolytes to affect ligand binding is by interacting with the protein/binding
site. The CD spectra suggest the interaction of osmolytes with apo BaDHPS might be
minimal except in the presence of PEG400 and higher concentrations of TEG (Figure
3.8). DSC provides additional support for exclusion of osmolytes from BaDHPS (Figure
3.10). Here the BaDHPS Tm values increased in the presence of betaine or trehalose,
consistent with the contention that osmolytes typically stabilize proteins by increasing
hydration 64. Indeed, in our previous studies with FolM, we found addition of 10-20%
DMSO destabilized the protein while addition of 10-20% betaine increased the Tm 13.
These results suggested interaction of DMSO with the protein, while betaine was
excluded.
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3.7.4 Comparing predicted 23/RT values with ITC
The 23/RT of the free ligand only describes part of the binding equation. Osmolytes can
still interact with any functional groups on the ligand that are still exposed to solvent in the
bound complex 22. Therefore, we calculated the predicted 23/RTs for each osmolyte
and determined the experimental 23/RTs from the ITC data using equation 3.2 (Table
3.8) 6. The slopes of the ln(Ka) versus osmolality in Figure 3.4 correspond to the
difference in preferential interaction of the osmolytes with the complex versus the free
ligand and protein. PtPP predicted values were matched the experimentally determined
23/RT for most of the osmolytes.
The exception was trehalose, where the binding affinity was predicted to decrease 10fold more than it did experimentally. One possible reason for the difference in predicted
and experimental 23/RT values could be that there are aromatic nitrogens in PtPP. In
the predicted values, these nitrogens were treated as amides. Perhaps trehalose is
excluded more from aromatic nitrogens than it is from amide nitrogens. A second reason
could be that the phosphates of PtPP may coordinate Mg2+, which would be similar to
ADP coordinating Mg2+ in solution 65. Trehalose preferentially interacts with phosphate
groups, but may be more excluded from Mg2+-coordinated phosphates. This would
decrease the overall effect of trehalose on PtPP binding, as less trehalose would be
interacting with free PtPP. Since the other osmolytes are excluded from the phosphate
groups, they may not be affected by, or be similarly excluded from, potential coordination
of Mg2+ by PtPP. A third reason might be that trehalose can may still be able to interact
with the bound PtPP. Trehalose was present in the active site in as much as 85% of the
time in the computer simulation. The phosphates of bound PtPP are partially exposed to
the solvent and can still interact with trehalose. Not all the trehalose molecules may be
removed from the pyrophosphate moiety upon PtPP binding. We have previously shown
that exclusion of betaine from ligand functional groups that do not form contacts in the
bound complex do not affect binding of the ligand 22. Therefore, if trehalose can still
interact with PtPP even when it is bound, then the effect of the osmolyte on ligand binding
would be less than is predicted from the preferential interaction coefficients.
For pABA and STZ, the predicted 23/RTs correspond to the experimentally determined
values for most of the osmolytes, including trehalose (Table 3.8). Proline is the exception,
where the osmolyte weakened the binding of both ligands to a greater extent than was
predicted. As proline is a cyclic molecule with carboxylate and amine moieties, it can
reasonably fit into the active site in place of pABA. Indeed, 35% of the time in the
computer simulations a proline was near the phosphate groups of PtPP. Proline is cyclic,
with a carboxylate and amine group, which is structurally similar to pABA and sulfa drugs,
therefore it can be reasonably hypothesized that proline may bind in the BaDHPS active
site. Binding of proline may indicate why there are larger effects of the osmolyte on pABA
and STZ binding than would be predicted from the 23/RTs alone. At 1-2 M
concentrations, proline will not only interact with free pABA or STZ, but also decrease the
apparent binding affinity by blocking access of the ligands to the active site. This
suggests that proline may also be able to bind to the active site, where it would compete
with pABA and STZ, decreasing the Kds for the two ligands. Thus, proline’s effects on
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Table 3.8: Predicted Δµ23/RT values for ligands binding to BaDHPS compared to the
Δµ23/RT values obtained from ITC
PtPP

pABA

STZ

Osmolyte
Predicted

ITC

Predicted

ITC

Predicted

ITC

Trehalose

1.4±0.1

0.17±0.02

0.17±0.03

-0.50±0.05

0.09±0.01

-0.39±0.04

Betaine

-1.5±0.1

-1.2±0.3

0.51±0.01

0.25±0.03

1.1±0.1

0.93±0.17

Proline

-0.34±0.01

-0.55±0.03

-0.06±0.02

1.0±0.1

0.49±0.01

1.4±0.2

Glycerol

-0.41±0.01

-0.38±0.07

-0.019±0.001

0.047±0.016

0.19±0.01

0.20+±0.02

TEG

-3.8±0.1

-1.7±0.3

-0.39±0.01

-0.39±0.15

1.3±0.1

0.94±0.02

PEG400

-11±1

-2.7±0.9

-0.25±0.1

-0.11±0.14

2.0±0.1

3.0±0.4
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pABA and STZ binding are probably two-fold, due both to preferential interactions and
competitive binding. Overall, though, the preferential interaction model was able to
accurately predict the effects of the other osmolytes on ligand binding to BaDHPS.
The preferential interaction model predicts that osmolytes can be either excluded from,
or interact with, other molecules in solution 6, 18, 20-22. What effects the osmolyte have on
ligand binding will depend upon whether the osmolyte interact with the free ligand, or are
excluded from it (Figure 3.12). Osmolytes that are excluded by the ligand (i.e., the ligand
prefers to be solvated by water) will bind tighter in the presence of osmolyte. However,
when there is preferential interaction between the osmolytes and free ligand, then binding
of the ligand to its target protein will be weaker in the presence of osmolytes. The ligand
will prefer to be solvated by cosolutes over water, so the cosolutes will need to be
removed upon ligand binding. The energy required to remove the solvating osmolytes
will shift the binding equilibrium from the bound state to the free state.

3.7.5 Expansion to the Folate Pathway
Our previous in vitro studies on three DHFRs find osmolytes weakly interact with folate
and DHF and affect catalytic efficiency, primarily through weak interactions with the
substrate, which shifts the equilibrium towards the free species though there are often
effects on the protein as well 11-13. As the functional groups found on osmolytes are also
found on macromolecular surfaces (e.g., carboxylates, amides, carbonyls, aliphatic and
aromatic groups, etc), we recently studied how larger molecular weight crowders alter the
function of two DHFRs and find larger decreases in kcat/Km (DHF) 66. In a recent in vivo foray
into E. coli genetics, we found osmotic stress could block growth of bacteria where
expression levels of several folate pathway enzymes were less than that encoded by the
chromosome 67. The protein activities that could be titrated by osmotic stress included
DHFR, serine hydroxymethyltransferase and methylenetetrahydrofolate reductase. A
short version of the folate synthesis pathway is shown in Figure 3.13 and both these in
vitro and in vivo effects are highlighted. In Table 3.9, we provide predicted µ23/RT values
for unstudied folate pathway enzyme substrates and speculate that the activities of the
corresponding enzymes will be modulated by osmolytes as well as the crowded
environment of the cell.
Of interest are the observations that drugs are affected by these weak interactions as
well. In this study, we find variable effects of osmolytes on binding of STZ to BaDHPS.
We previously found weaker binding of the antifolate drug, methotrexate, to FolM upon
osmolyte addition 13, and that crowders weakened binding of methotrexate to E. coli
chromosomal DHFR 66. Previous µ23/RT calculations predicted the experimental result
of ~4 fold weaker binding of warfarin to bovine serum albumin in the presence of proline
or betaine 14. These various results support the hypothesis of weak interactions between
ligands and osmolytes and/or crowders can readily impact drug binding, particularly in a
crowded or gel-like environment. Use of µ23/RT values can help predict these ligandosmolyte effects, although effects of the osmolyte on the protein will be more difficult to
forecast.
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Figure 3.12: Model for the effects of osmolytes on ligand binding due to preferential
interaction and exclusion
Top: Preferential exclusion of osmolytes () from the ligand leads to tighter association due to
desolvation. Middle: Binding of the ligands to the enzyme in the absence of osmolytes. Bottom:
In the presence of osmolytes () that interact with the ligand, there is lower association of the
ligand to the enzyme in comparison to the absence of osmolytes (middle panel).
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Figure 3.13: Simplified folate mediated one carbon cycle
Osmolyte effects on enzyme DHFR (highlighted in red) has been studied in vitro as well as in
vivo. The enzymes highlighted in blue (MTHFR and SHMT) have been used to study osmotic
stress effects in vivo. In vitro osmolyte effects has been studied on DHPS (highlighted in green).
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Table 3.9: Predicted µ23/RT values for metabolites used in the folate cycle pathway
Folate
cycle
enzyme

Predicted 23/RT
Treh
Beta
alose
ineb
a

Proli
nec

Gluta
mated

Glyc
erole

TEGe

PEG
400e

-1.48

0.85

0.30

-0.23

0.31

1.1

9.0

0.10

-0.30 -0.08

0.22

-0.06

-0.36

-0.95

5-methylTHF

-0.18

-0.14

0.22

0.51

0.04

0.22

0.70

Homocysteine

0.04

0.19

0.14

0.07

0.06

0.47

1.4

2-dUMPg

-0.75

0.96

0.35

0.06

0.25

0.74

3.9

5,10methyleneTHF

-0.18

-0.07

0.23

0.50

0.05

0.27

0.84

AICARi

-0.80

0.48

0.20

0.01

0.10

0.34

3.0

10-formylTHF

-0.32

0.16

0.58

0.47

0.10

0.59

1.7

Dihydropteroate

-0.09

-0.49 -0.04

0.28

-0.08

-0.45

-1.2

Glutamate

-0.24

0.40

0.28

0.12

0.13

0.93

2.7

ATP

-1.48

0.85

0.30

-0.23

0.31

1.1

9.0

GARl

-0.58

0.80

0.31

-0.13

0.19

0.73

4.0

10-formyl-THF

-0.32

0.16

0.25

0.47

0.10

0.59

1.7

metabolite
ATP

HPPKf

Methionine
Synthase

Thymidylat
e synthase

AICARTh

FPGSj

GARTk

6hydroxymethyl7,8dihydropterin

aFrom

Hong, et al.23 bFrom Bhojane, et al.22 cFrom Diehl, et al.20 dFrom Cheng, et al.19 eFrom
Knowles, et al.21 f6-hydroxymethyldihydropterin pyrophosphate kinase. g2’-deoxyuridine-5’monophosphate. haminoimidazole carboxamide ribonucleotide transformylase. iaminoimidazole
j
k
carboxamide ribonucleotide.
folylpolyglutamate synthase.
glycinamide ribonucleotide
l
transformylase. glycinamide ribonucleotide.
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3.8 Conclusions
The effects of osmolytes on the binding of PtPP, pABA and STZ to BaDHPS are specific
for a particular ligand and osmolyte pair. Changes in the viscosity and dielectric constants
were not responsible for the changes in ligand binding, but the preferential interaction of
the osmolytes with the free ligand plays a large role in increasing/decreasing the binding
affinity. Indeed, for the most part, predicted preferential interaction coefficients for the
ligands with the osmolytes were in agreement with the ITC results. This indicates that
the predicted preferential interaction of osmolyte with the components of the binding
equilibrium accurately portrays what occurs experimentally. Even the using just the
µ23/RT values for the free ligands insight can be gained into what effects the osmolytes
might play on binding. Additionally, osmolytes were found to weaken sulfathiazole
binding to BaDHPS, which indicates that preferential interactions can affect drugs binding
to their targets. With the high concentrations of metabolites and macromolecules in the
cell that possess similar functional groups as osmolytes, these preferential interactions
may be prevalent in vivo.
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4.1 Abstract
How enzymes behave in cells is likely different from how they behave in the test tube.
Previous in vitro studies find that osmolytes interact weakly with folate. Removal of the
osmolyte from the solvation shell of folate is more difficult than removal of water, which
weakens binding of folate to its enzyme partners. To examine if this phenomenon occurs
in vivo, osmotic stress titrations were performed in Escherichia coli.
Two strategies were employed: resistance to an antibacterial drug or complementation of
a knockout strain by the appropriate gene cloned in a plasmid that allows tight control of
expression levels as well as labeling by a degradation tag. The abilities of the knockout
and complemented strains to grow under osmotic stress were compared. Typically, the
knockout strain could grow to high osmolalities on supplemented media while the
complemented strain stopped growing at lower osmolalities on minimal media. This
pattern was observed for an R67 dihydrofolate reductase clone rescuing a folA strain,
for a methylenetetrahydrofolate reductase clone rescuing a metF strain and for a serine
hydroxymethyltransferase clone rescuing a glyA strain.
Additionally, an R67
dihydrofolate reductase clone allowed E. coli DH5α to grow in the presence of
trimethoprim until ~0.81 Osm while cells in a control titration lacking antibiotic could grow
until 1.90 Osm.

4.2 Importance
E. coli can survive in drought and flooding conditions and can tolerate large changes in
osmolality. However, the cell processes that limit bacterial growth under high osmotic
stress conditions are not known. This study decreases the dose of four different enzymes
in E. coli by using deletion strains complemented by the gene carried in a tunable plasmid.
Under conditions of limiting enzyme concentration (lower than that achieved by
chromosomal gene expression), cell growth can be blocked by osmotic stress conditions
that are normally tolerated. These observations indicate E. coli have evolved to deal with
variations in their osmotic environment and that normal protein levels are sufficient to
buffer the cell from environmental changes. Additional factors involved in the osmotic
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pressure response may include altered protein concentration/activity levels, weak solute
interactions with ligands which can make it more difficult for proteins to bind their
substrates/inhibitors/cofactors in vivo and/or viscosity effects.

4.3 Introduction
Osmolytes are small molecules produced by cells in response to harsh conditions such
as heat, dehydration, and high salt concentration 1. Three classes of osmolytes are amino
acids (e.g. proline, taurine and glutamate); polyols (glycerol, sucrose and trehalose); and
methylamines (trimethylamine oxide and glycine betaine) 2. When Escherichia coli are
perturbed by osmotic stress, they use trehalose, K+ and glutamate as osmoprotectants 36. For cells grown in media containing exogenous glycine betaine, it is the predominant
osmoprotectant 7. As the osmolality increases, the cell becomes more crowded due to
loss of water. An upper limit of osmolality occurs (~1.9 Osm) where free water no longer
exists and E. coli growth stops 7.
Previous studies have found that the in vitro addition of osmolytes to three different protein
scaffolds that catalyze the dihydrofolate reductase (DHFR) reaction results in tighter
binding of cofactor, NADPH 8-10. Addition of osmolytes lowers the water activity of a
solution; dehydration typically leads to tighter ligand binding as less solvent needs to be
removed to form a complex. In contrast, binding of DHF “breaks the rules” as weaker
binding upon osmolyte addition is observed in these three different proteins 8-10. To model
this behavior, we proposed that osmolytes weakly associate with DHF. If the osmolyteDHF interactions are more difficult to break than the water-DHF interactions, this shifts
the equilibrium towards the unbound species and impedes binding to DHFR. This model,
depicted in Figure 4.1, is supported by small molecule NMR data 11 as well as high
hydrostatic pressure experiments 12 and osmometry studies 13.
Additional studies provide chemical guidance in understanding these weak interactions.
For example, the Record group has also monitored the preferential interaction of betaine,
glutamate, proline and PEGs with numerous small molecules to determine which
groups/atoms (e.g. aliphatic carbons, aromatic carbons, cationic nitrogens and amide
nitrogens, phosphate oxygens, carboxylate oxygens, hydroxyls, and carbonyls) prefer to
interact with water as compared to several osmolytes (betaine, glutamate, PEGs) 14-17. In
a similar manner, Hong et al. have studied the preferential interaction of trehalose with
many small molecules 18. In a recent study, we have studied the interaction of betaine
with folate and other small aromatic compounds 13. We find that folate interacts almost
equally well with betaine and water. Specifically, the glutamate tail prefers to interact with
water, while the aromatic rings prefer betaine. As other redox states of folate such as
dihydrofolate, 5-methyl-tetrahydrofolate, 5-10-methylene-tetrahydrofolate also contain
these groups/atoms, these folates may also weakly associate with osmolytes and
negatively impact protein function. Also, as the groups (hydroxyls, amides, cationic
amines, etc.) found in osmolytes are also displayed on protein surfaces, DHF may also
weakly associate with proteins.
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Figure 4.1: Model of osmolyte interaction with DHF that results in weaker binding to
DHFR.
For enzyme assays in buffer, DHF binds tightly to DHFR (target enzyme) and water (blue) is
released. Added osmolytes (magenta spheres) interact weakly with DHF. For DHF to bind to
DHFR, both osmolytes and water need to be released. While these interactions are weak, if the
osmolyte-DHF interaction is stronger than the water-DHF interaction, then binding to DHFR is
weakened. (Note: Osmolytes may additionally bind to sites on the enzyme (not shown) and affect
activity). We have used high hydrostatic pressure as an orthogonal technique to examine the top
row of the model (blue equilibrium arrows) 12. We have also used NMR and vapor pressure
osmometry to monitor interactions between folate and osmolytes (middle column, green
equilibrium arrows) 11, 13. All data sets are consistent with this model.
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In a recent review, Wood indicated that the cell processes that limit bacterial growth under
osmotic stress conditions are not known 19. Here we ask whether these “soft interactions”
20 or “quinary” behavior 21-24 between folate metabolites and osmolytes/crowders might
occur in vivo and play a role in osmotic stress by helping to titrate enzyme activity. In
other words, a high osmolyte concentration might sequester substrate and lower the
concentration of available, free substrate in the cell. This, in turn, could limit cell growth.
The enzyme concentrations/activities in E. coli are usually sufficient to overcome these
weak folate-osmolyte interactions, even in the gel-like environment of the cell under high
osmotic stress conditions 25, 26. Here we ask what happens when the target enzyme
concentration in the cell is less than that achieved by expression from the chromosomal
gene? To achieve this condition, we cloned the gene of interest behind a tunable P tet
promoter in the pKTS plasmid 27. To achieve very low protein expression levels, the pKTS
plasmid adds an SsrA tag to the C-terminus of the protein, which targets the protein to be
degraded by the ClpX protease. This plasmid is then transformed into a knockout strain
of E. coli. The low protein dose lets us target the role of one specific protein in osmotic
stress.

4.4 Materials and Methods
4.4.1 Bacterial strains
The strains used in this work are listed in Table 4.1. The thyA folA::kan strain (named
LH18) was constructed in 1988 28. The Keio deletion strains 29 for metF and glyA were
procured from the Coli Genetic Stock Center (CGSC; http://cgsc2.biology.yale.edu/). The
deletion strains were unable to grow on Bonner-Vogel (BV) minimal media containing 40
µg/ml guanine, 50 µg/ml of tyrosine, histidine and tryptophan as well as 1 mM thiamine
30. The folA::kan strain required addition of 200 µg/ml thymidine, 30 µg/ml adenine,
10µg/ml pantothenate and 50 µg/ml glycine and methionine for growth 31. The
metF::kan strain required addition of methionine (50 µg/ml) while the glyA::kan strain
needed glycine and serine (50 µg/ml each) for growth. Kanamycin (50 µg/ml) was added
to select for the deletion strain. Bonner-Vogel media for the chorismate mutase aroQ
deletion strain included 20 µg/ml phenylalanine, 20 µg/ml tyrosine and 20 µg/ml
chloramphenicol 32.

4.4.2 Plasmids
Table 4.1 also lists the plasmids used. The pKTS plasmid was obtained from Donald
Hilvert and Peter Kast (ETH Zurich) 27. This plasmid enables control of gene expression
via the Ptet promoter. Addition of a C-terminal SsrA degradation tag targets the expressed
protein to the ClpX protease, decreasing the gene product concentration in vivo. The
protein expression level can be less than that associated with expression of the gene
from the E. coli chromosome. The plasmid also confers ampicillin resistance.
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Table 4.1: Strains and plasmids used in this study
Strain
DH5α

Source
Invitrogen

NM522

Howell a

NM522 thyA

Howell a

LH18
BW25113

Howell a
CGSC

JW2535-1
JW3913-1
KA12/pKIMP-UAUC

CGSC
CGSC
Colquhoun b

Plasmid

Source

CM-pKTS

Kast and Hilvert c

R67 DHFR-pKTS

This study

Quad4-pKTS

This study

MTHFR-pKTS

This study

SHMT-pKTS

This study

a

From reference 28

b

From references 32, 33

c

From reference 27

Genotype
F - Φ80lacZΔM15(lacZYA-argF)
U169 recA1 endA1 hsdR17 (rK–
, mK+) phoA supE44 λ– thi-1
gyrA96 relA1
F' Δlac-pro supE hsdRS lac(lqZAM15)+ pro'
F' Δlac-pro supE hsdRS lac(lqZAM15)+ pro' thyA
NM522 thyA ΔfolA::kan
F - Δ(araD-araB)567
ΔlacZ4787(::rrnB-3) λ- rph-1
Δ(rhaD-rhaB)568 hsdR514
BW25113 ΔglyA725::kan
BW25113 ΔmetF728::kan
Δ(srlR-recA)306::Tn10, Δ(pheAtyrA-aroF), thi-1, endA-1,
hsdRl7, Δ(argF-lac) U169,
supE44. The strain is
complemented by the pKIMP
plasmid (= pACYC184, which
confers chloramphenicol
resistance and carries the pheC
and tyrA genes) which restores
Phe and Tyr biosynthetic
pathways.
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Antibiotic Resistance and
other information
Ampicillin, Ptet promoter control
of CM expression, SsrA tag
added
Ampicillin, Ptet promoter control
of R67 DHFR expression, SsrA
tag added, trimethoprim
resistance when protein
expressed
Ampicillin, Ptet promoter control
of Quad4 expression, SsrA tag
added, trimethoprim resistance
when protein expressed
Ampicillin, Ptet promoter control
of MTHFR expression, SsrA tag
added
Ampicillin, Ptet promoter control
of SHMT expression, SsrA tag
added

4.4.3 Complementation
Each deletion strain was transformed with several pKTS constructs. The pKTS constructs
were made by introducing the gene using the primers listed in Table 4.2. The deletion
strain was complemented with the pKTS vector containing the corresponding gene; these
are the complemented or rescued strains. The complemented strains could grow on
minimal media containing tetracycline, indicating the plasmid restored prototrophy to the
bacteria. For example, the metF strain was complemented by transformation with the
MTHFR-pKTS clone. Vector controls consisted of deletion strains transformed with the
pKTS vector containing genes encoding other folate pathway enzymes. For example,
transformation of the metF strain by the SHMT-pKTS or R67 DHFR-pKTS plasmids did
not rescue cells from methionine auxotrophy.

4.4.4 Tetracyline titrations
The complemented strains were grown overnight in Luria-Bertani broth with 50 µg/ml
kanamycin and 100 µg/ml ampicillin. The cells were centrifuged and the pellet washed
with 1X Bonner-Vogel (BV) salts 30. These steps were repeated and the cell pellet
resuspended in 1X BV salts to a turbidity of 1.0 at 600 nm; 10 µl of solution was then
streaked on solid media. The plates contained 50 µg/ml kanamycin, 100 µg/ml ampicillin
and varying tetracycline concentrations (0, 10, 25, 50, 75, 100, 200 or 500 ng/ml). The
plates were incubated at 37oC for up to 5 days. Good growth was defined as confluent
growth without an overlay of single (suppressor) colonies. Table 4.3 lists the tetracycline
concentrations used for each construct.

4.4.5 Osmotic stress titrations
Once the appropriate tetracycline concentration was determined, osmotic stress titrations
were performed. As described above, cells were streaked on BV minimal media
containing different concentrations of sorbitol or NaCl and growth was monitored for up
to 5 days at 37oC. The plates were incubated in the dark. To determine if the results of
our osmotic stress titrations were affected by the identity of the major osmolyte present
in the cell, BV media containing 1mM betaine was used as indicated in the text.
The water activity of the solid media was measured at room temperature using an
AquaLab dew point water activity meter 4TE (Decagon Devices, Inc., Pullman, WA).
Then, the osmolality was calculated using equation (1):
Osmolality =

lnAH2O
−0.018

where AH2O is the water activity.

132

(1)

Table 4.2: List of PCR primer sequences used to introduce Nde1 and Xho1 restriction
enzyme sites
Enzyme
(plasmid)

Primer sequences with the introduced restriction enzyme sequence
underlined

MTHFR

5’TATTTACATATGAGCTTTTTTCACGCCAGC 3’ (NdeI)

(pCAS30)

5’AAGGGGTTATGCTAGTTATTGCTCA 3’ (reverse primer)

SHMT

5’GGGAGGAGGCATATGTTAAAGCGTGAAATGAACATTGCCGATTATGAT
GCC 3’ (NdeI)

(pBSGlyA)

5’GAGAGAGAGCTCGAGTGCGTAAACCGGGTAACGTGC
(reverse primer)

133

3’

(XhoI)

Table 4.3: Antibiotic concentrations and supplements used for each strain
Strains

Antibiotics

E. coli DH5α

Supplement(s) for growth
in minimal media

Kanamycin

Ampicillin

Tetracycline

N/A

N/A

N/A

N/A

E. coli DH5α + N/A
100 µg/ml 100 ng/ml
R67
DHFR(20
μg
pKTS
trimethoprim
/ml)

N/A

E. coli DH5α + N/A
100 µg/ml 100 ng/ml
Quad4-pKTS
(20
μg
trimethoprim
/ml)

N/A

NM522

N/A

N/A

N/A

N/A

NM522 thyA8

N/A

N/A

N/A

200 μg/ml thymidine

LH18 (∆folA)

50 μg/ml

N/A

N/A

200 μg/ml thymidine, 50
μg/ml methionine and
glycine, 30 μg/ml adenine,
10 μg/ml pantothenate

LH18 (∆folA) + 50 μg/ml
R67
DHFRpKTS

100 µg/ml 200 ng/ml for N/A
agar plates
(100
for
liquid
media)a

LH18 (∆folA) + 50 μg/ml
Quad4-pKTS

100 µg/ml 200 ng/ml for N/A
agar plates
(100 ng/ml
for
liquid
media)

E.
BW25113

N/A

coli N/A

N/A

134

N/A

Table 4.3 Continued
Strains

JW3913-1
(∆metF)

Antibiotics
Kanamycin
50 μg/ml

JW3913-1
50 μg/ml
(∆metF)
+
MTHFR-pKTS
JW2535-1
(∆glyA)

50 μg/ml

Supplement(s) for growth
in minimal media
Ampicillin
N/A

Tetracycline
N/A

50 μg/ml methionine

100 µg/ml 100 ng/ml for N/A
agar plates
(75 ng/ml for
liquid media)
N/A

N/A

50 μg/ml
serine

JW2535-1
50 μg/ml
(∆glyA)
+
SHMT-pKTS

100 µg/ml 75 ng/ml for N/A
agar plates
(50 ng/ml for
liquid media)

KA12/pKIMPUAUC

N/A

N/A

N/A

(50
μg/ml
chloramphe
nicol)

KA12/pKIMPN/A
100 µg/ml 200 ng/ml
UAUC + CM(50
μg/ml
pKTS
chloramphe
nicol)

glycine

and

50 μg/ml phenylalanine
and tyrosine

N/A

We used 200 ng/ml of tetracycline for the LH18:: ∆folA + R67 DHFR-pKTS titration as compared
to 100 ng/ml for DH5α+ R67 DHFR-pKTS to avoid overgrowing colonies at lower osmotic stress.

135

A positive control is the growth of the cells on BV supplemented media containing
increasing concentrations of sorbitol or NaCl. This allows discrimination between the lack
of cell growth due to loss of free water in the cell 7 from the effect of osmolytes on enzyme
activity. Each experiment was done at least in duplicate.

4.4.6 Osmotic stress titrations of trimethoprim resistance
The activity of chromosomal E. coli DHFR is inhibited by trimethoprim, but R67 DHFR
provides resistance to this drug. The E. coli strain DH5α was transformed with R67 DHFRpKTS or Quad4-pKTS vectors. The ability of these clones to confer TMP resistance was
assessed by the ability of the transformed cells to grow on BV minimal media containing
20 µg/ml TMP, 100 µg/ml ampicillin, 100 ng/ml tetracycline and various concentrations of
sorbitol (0 to 1.50 M). The plates were incubated at 37 0C and cell growth observed for 5
days. As a control to evaluate the concentration of sorbitol that blocked DH5α growth,
cells were grown on BV minimal media with increasing sorbitol concentrations, but without
antibiotics.

4.4.7 Isolation and characterization of suppressors
Overgrowing colonies were frequently observed on plates with low tetracycline
concentrations and/or high osmotic stress conditions. Plasmids were isolated from these
colonies and re-transformed into the appropriate deletion cells. Plasmid DNA from those
transformants that were still able to grow on media containing 1 M sorbitol were
sequenced to identify the mutation(s).

4.4.8 Measurement of growth in liquid media and doubling time
calculations
Cell growth was monitored on an automated 96 well plate reader (BioTek Cytation 5) in
liquid BV minimal media with shaking at 37 0C. Turbidities at 600 nm of triplicate samples
were observed every 20 mins for 36 hours. A gas permeable sealing membrane (Breathe
Easy, Diversified Biotech) for microtiter plates (Costar 3370) reduced evaporation.
Osmotic stress was applied using either sorbitol or NaCl. The osmolality of liquid media
was measured with a vapor pressure osmometer (Wescor Vapro 5520). Natural log
values of absorbance were plotted against time to obtain the slope, which was used to
calculate the doubling time (Dt) as per equation (2):
Dt= ln(2)/slope

(2)

The solution osmolality increased ~ 5% over 24 hours. At longer times (36 hrs.), the
osmolality increased by ~ 11%.
The water activity meter is typically used to measure dry, solid foods while the VPO
measures solutions. This difference in sample type led us to standardize and compare
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the Aqualab dew point water activity meter with the Vapro Pressure Instrument. The
osmolalities of standard solutions with increasing sorbitol (0-1.5 M) or NaCl (0-0.7 M)
were determined using both instruments. A graph of the osmolalities from these two
different instruments was used to correct the AquaLab values.

4.5 Results
To determine which enzymes to use in our in vivo osmotic stress experiments, we
considered whether the folate pathway enzyme is selectable by either antibiotic
resistance or by restoration of prototrophy to an auxotrophic strain. We also considered
whether modifications to the C-terminus would affect enzyme activity, which is the case
for thymidylate synthase 34. Another factor considered was the oligomerization state of
the enzyme as additional SsrA degradation tags might help lower the protein
concentration in the cell. Table 4.4 lists some pertinent parameters associated with the
folate mediated 1C metabolism enzymes we examined, and Figure 4.2 shows where they
occur in the pathway. The enzymes are serine hydroxymethyl transferase (SHMT
encoded by the glyA gene), methylene tetrahydrofolate reductase (MTHFR, metF) and
the type II R67 DHFR. The latter is unrelated to chromosomal DHFR (folA gene) and
possesses a homotetrameric structure with a single active site pore 50. A tandem array
of 4 fused R67 DHFR genes produces a protein with four times the mass of the normal
R67 DHFR monomer. This protein, named Quad4, was also used in our studies 40. We
additionally studied osmotic stress effects on chorismate mutase (CM).

4.5.1 Osmotic stress titration of trimethoprim resistance associated
with R67 DHFR
The target of trimethoprim is chromosomal E. coli DHFR (TMP, Ki = 20 pM) 51, however
R67 DHFR provides resistance to this antibacterial drug as its Ki is 7.5 million fold higher
(Ki =0.15 mM) 52. We previously monitored the growth of E. coli DH5α expressing various
R67 DHFR clones carried in pUC8 9. Since wildtype (wt) R67 DHFR was overproduced
and possessed sufficient activity, no selection by osmotic pressure was observed in the
presence of TMP. The K32M R67 DHFR mutant clone in pUC8 had insufficient activity
to allow growth in the presence of TMP, so again, no selection was observed. However,
using osmotic pressure, we could titrate the ability of DH5α carrying a Y69L R67 DHFR
clone to confer resistance to TMP. The Y69L mutant enzyme has intermediate levels of
activity between the R67 DHFR and the K32M mutant 9, 53. This pattern of behavior
indicates a window of enzyme activity that allows cell growth and selection by osmotic
stress. Too low an activity does not enable growth, while too high an activity does not
allow titration 54, 55. This situation is depicted in Figure 1.14.
As mentioned above, R67 DHFR is a homotetramer with a single active site pore 39.
Another construct is Quad4, which has four R67 DHFR genes linked in frame 40. The
Quad4 protein is almost fully active as a monomer. In addition, its oligomerization state
137

Table 4.4: Enzyme parameters
Enzyme

kcat (s-1)

KM (µM)

In vivo substrate Rate
Oligomeric
a
concentration
determining state
step

R67 Dihydro- 1.3 b
folate
reductase

NADPH: 3.0 NADPH: 120 µM

1.8 f

NADPH: 2.6 NADPH: 120 µM

Quad4
Dihydrofolate
reductase

E.
coli 10.4 h
Methylene
tetrahydrofolate
reductase
(metF)
E. coli Serine
hydroxy-methyl
transferase
(glyA)

10.6 j

Mutant
hexameric
chorismate
mutase domain
from E. coli
bifunctional
CM-prephenate
dehydratase m
(aroQ)

0.16

a

From references 35, 36

b

From reference 37

c

From reference 38

d

From reference 39

e

From reference 9

DHF: 5.8 b

Various
polyglutamylated
DHF
species:
~45 µM

DHF: 5.6 f

Various
polyglutamylated
DHF
species:
~45 µM

NADH: 20

NADH: 83 µM

5,10-CH2THF: 0.5 h

Hydride
transfer c

Tetramer d

nd g

Dimer Kd
of ~1 µM;
both
monomer
and dimer
active f

Reoxidation of
Various
the reduced
polyglutamylated flavin
by
CH2-THF
CH2-THF h
species: ~12 µM

Serine: 800 Serine: 68 µM

nd k

Tetramer;
active
dimer at
low
[protein] i
Dimer l

j

THF: 80

(100
fold
lower
than E.
coli CM
domain)

Various
polyglutamylated
THF species: ~6
µM

Chorismate: na
600 m

m
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na, but rate Hexamer m
for the CM
domain not
limited by
diffusion n

f

From reference 40
g

Not determined, but presumably the same as R67 DHFR as the enzyme rates and binding constants are similar.

h

From reference 41

i

From references 42, 43

j

Main reaction catalyzed 44. Other reactions listed in text.

k

From reference 45

l

From reference 46

m
From reference 47. Also of interest, CM uses the diaxial form of its substrate; 44% glycerol and 33% sucrose shift the
conformational equilibrium slightly (1.5 & 3.5%) towards the pseudo-diequatorial form. 48 Additionally no effect of 44% glycerol on
either kcat or Km was observed while an ~2 fold tighter Km for substrate was monitored in 33% sucrose 48.
n

From reference 49
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Figure 4.2: Selected folate cycle enzymes
The folP gene encodes dihydropteroate synthase or DHPS; this protein forms 7,8-dihydropteroate
from 6-hydroxymethyl-dihydropterin diphosphate and p-amino benzoate. The folC gene encodes
folylpolyglutamate synthase, which adds L-glutamate to dihydropteroate to form 7,8-dihydrofolate
(DHF). The folA gene encodes dihydrofolate reductase or DHFR which catalyzes the NADPHdependent reduction of DHF to 5,6,7,8-tetrahydrofolate (THF). The glyA gene encodes serine
hydroxymethyl transferase or SHMT, which interconverts L-serine and glycine using THF and
5,10-methylene-THF and pyridoxal phosphate as a cofactor. The metF gene encodes methylenetetrahydrofolate reductase or MTHFR, which reduces 5, 10 methylene-THF to 5-methyl-THF
using NADPH as a cofactor. The thyA gene encodes thymidylate synthase or TS; this enzyme
catalyzes the reductive methylation of 2'-deoxyuridine-5'-monophosphate (dUMP) using 5, 10
methylene-THF to produce thymidine-5'-monophosphate (dTMP) and DHF. The metH gene
encodes methionine synthase, which forms methionine and THF from 5-methy-THF and
homocysteine. The in vivo activities of the colored enzymes were examined by our osmotic stress
approach.
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depends on the protein concentration. Our in vitro ultracentrifugation studies find a
Quad4 dimerization Kd of ~1 µM 40. Since use of the pKTS vector leads to low expression
levels, our in vivo studies likely describe monomeric Quad4.
To examine whether the wt R67 DHFR and Quad4 activities could be titrated by osmotic
αstress in vivo, their genes cloned in the pKTS plasmid 27 were transformed into DH5α
and the tetracycline concentration that allowed confluent growth on M9 minimal media
was determined. Use of the Ptet promoter results in cell growth that is proportional to the
amount of tetracycline added to the medium. Figure 4.3 identifies tetracycline
concentrations of 50-200 ng/ml that allowed DH5 carrying the R67 DHFR-pKTS clone to
grow in the presence of 20 µg/ml TMP. DH5α carrying the Quad4-pKTS clone showed
confluent growth in plates containing 10-200 ng/ml tetracycline.
Our next step used osmotic stress to determine if growth of DH5α carrying an R67 DHFRpKTS clone could be titrated using resistance to trimethoprim as our selection. As shown
in Figure 4.4, a control titration of DH5α on media lacking TMP showed confluent growth
until 1.9 Osm. The upper growth limit has been proposed by the Record lab to correspond
to loss of free water in the cell 7. In contrast, the R67 DHFR-pKTS clone allowed confluent
growth of host E. coli in media containing 20 µg/ml TMP to 0.50 to 0.81 Osm. Sparse
growth was observed until 1.28 Osm. The Quad4-pKTS clone allowed growth until <1.93
Osm. As R67 DHFR and Quad4 have the same active site, Quad4 serves as an internal
control. Monomeric Quad4 possesses a single SsrA tag in contrast to homotetrameric
R67 DHFR, which displays 4 degradation tags. This difference in SsrA tag number likely
leads to faster turnover of R67 DHFR compared to Quad4. This proposed difference in
enzyme concentration could provide higher DHFR activities for the Quad4 protein, which
could more readily rescue the DH5α cells. Also, the fact that Quad4-pKTS continued to
provide TMP resistance at high osmolalities (past where R67 DHFR-pKTS does)
suggested that any osmotic pressure effects on the tet repressor were not playing a large
role in alteration of protein expression levels.

4.5.2 Osmotic stress titration of R67 DHFR enzyme activity using a
deletion strain
While TMP is a competitive inhibitor of DHFR, antibiotics can also involve effects on
uptake and efflux mechanisms as well as secondary targets 57. Thus, we also employed
a more direct assay of DHFR activity using a deletion strain. The folA gene in E. coli strain
NM522 was previously deleted (∆folA::kan) 28. These cells also carry an uncharacterized
mutation in the thymidylate synthase (thyA) gene and thymidine is required for cell growth.
This strain, named LH18, grows on media supplemented with folate pathway end
products (thymidine, adenine, pantothenate, glycine, methionine) 28. Transformation of
LH18 by R67 DHFR-pKTS or Quad4-pKTS rescues the cells from folate end product
auxotrophy and allows growth of cells in Bonner-Vogel (BV) minimal media 30 plus
thymidine.
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Figure 4.3: Shows a series of plates with DH5α cells carrying either no plasmid or R67
DHFR-pKTS or Quad4-pKTS in increasing tetracycline concentration
DH5α cells carrying either no plasmid or R67 DHFR-pKTS or Quad4-pKTS were streaked on
minimal M9 media containing 20 µg/ml TMP. Two colonies per plasmid transformant are shown.
The tetracycline concentration is indicated above the plates. The tetracycline concentration
required to produce sufficient DHFR activity for confluent cell growth was 50-200 ng/ml
tetracycline for R67 DHFR-pKTS and 10-200 ng/ml for Quad4-pKTS. R67 DHFR is a
homotetramer and will be tagged with four SsrA sequences as compared to Quad4 DHFR which
will be a monomer with one SsrA tag. This will lead to increased degradation of R67 DHFR, thus
more tetracycline is needed for the growth of these cells. The cartoon below shows how the
constructs are streaked on the plates. The colored arrows indicate that with increasing
tetracycline concentration (yellow), protein expression (red) is increased. This results in better
cell growth (blue) until tetracycline begins acting as an antibiotic 56.
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Figure 4.4: The effect of osmolality on the ability of R67 and Quad4 DHFR to rescue E.
coli DH5α from trimethoprim
Panel A shows the effect of sorbitol on cell growth in M9 minimal media lacking TMP. Cells can
grow up to 1.90 Osm, although growth is slow and sparse. Panel B shows the effect of sorbitol
on growth in media containing 20 µg/ml TMP, 100 µg/ml ampicillin and 100 ng/ml tetracycline.
Cells carrying the R67 DHFR-pKTS clone can only grow until 0.81 < x < 1.28 Osm while cells
carrying the Quad4-pKTS clone can grow until 1.60 < x < 1.93 Osm. Table 4.5 lists the growth
patterns as a function of osmolality. The cartoons at right show how various cultures were
streaked on the plates. Two independent colonies were streaked per transformant.
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Next, the tetracycline concentration was varied, and the cell growth pattern monitored on
minimal media (as shown in Figure 4.5). For LH18 + R67 DHFR-pKTS, no growth was
observed for the first 2 days at low tetracycline levels (0-25 ng/ml). This result indicates
the pKTS plasmid can restrict protein expression so that DHFR activity is lower than that
encoded by the chromosome. This type of result has previously been reported for
chorismate mutase 27. Confluent growth of the rescued cells was achieved at 100ng/ml
tetracycline. Growth for 5 days resulted in isolated colonies at low tetracycline
concentrations, consistent with occurrence of suppressing mutations. In contrast, LH18
carrying the Quad4-pKTS plasmid grew in the absence of tetracycline, consistent with
some leakiness of the promoter as well as Quad4 possessing fewer degradation tags and
sufficient activity to rescue the cell.
To monitor osmotic stress effects, the deletion and complemented strains were plated on
BV minimal and supplemented plates containing increasing concentrations of sorbitol
(Figure 4.6). On the plates supplemented with thymidine, adenine, pantothenate, glycine,
methionine, all strains grew to 1.24 < x < 1.52 Osm (Table 4.5 for a list of osmolality
growth limits). In minimal plates containing 200ng/ml tetracycline, complemented strains
of LH18 + R67 DHFR-pKTS grew until 0.57 Osm. At this concentration and above,
isolated colonies were observed after several days. These isolated colonies persisted
until 0.88 < x < 1.15 Osm, however no growth was observed at higher osmolalities.
In contrast to the R67 DHFR case, Quad4-pKTS readily rescues LH18 as cells grew in
BV minimal media until 1.15 < x < 1.81 Osm. To determine if the activity of Quad4 DHFR
could be titrated by osmotic stress, we redid the sorbitol titrations using 0 and 50 ng/ml
tetracycline. Under both these conditions, Quad4-pKTS still allowed LH18 to grow until
~1.6 Osm, which was very close to the osmolality limit of the deletion strain grown on
supplemented media. Thus, the activity of Quad4 DHFR could not be titrated by osmotic
stress. In contrast, LH18 complemented by R67 DHFR-pKTS did not grow on plates
without tetracycline and grew only as isolated colonies when 50 ng/ml tetracycline was
added. These observations are consistent with moving up and down the titration axis
when considering Figure 1.14. Conditions that favor low protein expression (e.g. R67
DHFR-pKTS with a low tetracycline concentration) and/or high degradation rates (higher
number of SsrA tags) are not sufficient to rescue the cell from auxotrophy, while
conditions that provide high enzyme activity do not allow titration.

4.5.3 Liquid cultures show similar effects as agar plates
The growth of LH18 as well as its parent strains and complemented strains were
additionally monitored in liquid media by plots of turbidity vs. time. Figure 4.8 compares
the growth rates in a bar graph while Table 4.6 lists the doubling times. LH18 and LH18
carrying Quad4-pKTS showed comparable growth even though LH18 was grown in BV
media supplemented with thymidine, adenine, pantothenate, glycine, and methionine
while the complemented strain was grown in BV minimal media plus 100 ng/ml
tetracycline. The deletion strain carrying R67 DHFR-pKTS grew more slowly in minimal
media with 100 ng/ml tetracycline.
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Figure 4.5: Growth of the LH18 ∆folA strains complemented by the R67 DHFR-pKTS or
the Quad4-pKTS plasmids on minimal media in the presence of increasing concentrations
of tetracycline after 5 days of incubation
The tetracycline concentration is indicated above the plates. Two clones of each complemented
strain were streaked onto the plates. No growth at low tetracycline concentrations was seen for
the first few days, with single colonies arising after ~2 days. Confluent growth was seen between
75-200ng/ml for R67 DHFR-pKTS, whereas good growth of Quad4-pKTS was seen on all
concentrations of tetracycline.
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Figure 4.6: The effect of osmolality on R67 and Quad4 DHFR function in restoring the E.
coli ∆folA strain to prototrophy
Panel A shows the effect of sorbitol on cell growth in BV media supplemented with thymidine,
adenine, pantothenate, glycine, methionine and containing kanamycin. Cells can grow up to 1.24
< x < 1.52 Osm. Panel B shows the effect of sorbitol on growth in minimal BV media containing
kanamycin, ampicillin and 200 ng/ml tetracycline. Cell growth is reliant on enzyme activity
encoded by the DHFR genes cloned in the pKTS plasmid. Cells carrying the R67 DHFR-pKTS
plasmid can only grow until 0.28 < x < 0.57 Osm with isolated colonies appearing at higher
osmolalities (until 0.88 < x <1.15 Osm). In contrast, cells carrying the Quad4-pKTS plasmid can
grow confluently until 1.81 Osm. Table 4.5 lists the osmolalities where cells stop growing. The
cartoons indicate the positioning of the various streaks on the plates. Two independent colonies
were streaked per transformant. Figure 4.7 shows the titrations for NM522 and NM522 thyA.
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Table 4.5: Osmolalities at which growth stops on solid media in various E. coli strains
Strain
DH5α
DH5 α + R67
DHFR-pKTS
DH5 α + Quad4pKTS
NM522
NM522 thyA
LH18 (∆folA)

LH18 + R67
DHFR-pKTS

LH18 + Quad4pKTS
LH18 (∆folA)

LH18 + R67
DHFR-pKTS

LH18 + Quad4pKTS
BW25113
∆metF
∆metF +
MTHFR-pKTS

Media
M9 minimal
M9 minimal + 20
µg/ml TMP
M9 minimal + 20
µg/ml TMP
BV minimal
BV minimal +
thymidine
BV supplemented with
thymidine, adenine,
glycine, methionine,
pantothenate
BV minimal +
thymidine

BV minimal +
thymidine
BV supplemented with
thymidine, adenine,
glycine, methionine,
pantothenate + 1 mM
betaine
BV minimal +
thymidine + 1 mM
betaine

BV minimal +
thymidine + 1 mM
betaine
BV minimal
BV minimal +
methionine
BV minimal
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Sorbitol (Osm)
1.90 < x < 2.43
0.81 < x < 1.28

NaCl (Osm)
nd
nd

1.60 < x < 1.93

nd

1.60 < x ≤ 2.02
1.55 < x < 1.88

1.6 < x < 1.8
1.22 < x < 1.46

1.24 < x < 1.52

nd

x ≤ 0.57 for mat
growth;
0.57 < x ≤ 0.88 range
for overgrowing
colonies
1.15 < x < 1.81

nd

1.81 < x < 2.22

nd

x < 0.71 for mat
growth;
1.40 < x < 1.67 range
for overgrowing
colonies
1.97 < x < 2.15

nd

1.60 < x ≤ 2.02
1.64 < x < 2.21

1.6 < x < 1.8
1.35 < x ≤ 1.44

x ≤ 1.20 for mat
growth;
1.20 < x < 1.67 range
for overgrowing
colonies

x < 0.48 for mat
growth; 0.48 < x
≤ 0.71
(overgrowing
colonies)

nd

nd

Table 4.5: continued
Strain
∆glyA
∆glyA + SHMTpKTS

KA12/pKIMPUAUC
KA12/pKIMPUAUC + CMpKTS

Media
BV minimal + glycine
+ serine
BV minimal

BV minimal +
phenylalanine +
tyrosine
BV minimal

Sorbitol (Osm)
1.38 < x < 1.71

NaCl (Osm)
1.15 < x ≤ 1.33

0.92 ≤ x for mat
growth;
0.92 < x <
1.30 (overgrowing
colonies)

x < 0.53 for mat
growth; 0.53 < x
≤0.70
(overgrowing
colonies)
nd

1.35 < x < 1.82
0.65 ≤ x for mat
growth;
0.65 < x < 1.40
(overgrowing colonies)
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nd

NM52
2

NM522
thyA

Figure 4.7: Shows how the parent E. coli strains are affected by osmotic stress when
grown in Bonner Vogel minimal media with varying concentrations of sorbitol
NM522 and NM522 thyA are the parent strains for LH18 ∆folA. BW25113 is the parent strain for
the ∆metF and ∆glyA Keio knockouts. Thymidine (200 µg/ml) was added to plates streaked by
the NM522 thyA strain
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Figure 4.8: Growth rates of LH18 (ΔfolA) cells alone (black bar) or carrying the R67
DHFR-pKTS (gray bar) or Quad4-pKTS plasmid (bar with diagonal line) monitored in
liquid culture
The growth rate is plotted as a function of media osmolality. The growth media and the doubling
times are listed in Table 4.6.
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Table 4.6: Doubling times for the various E. coli strains in minimal BV liquid media.
Mutant strains had the appropriate supplements added. Growth curves were performed
in triplicate. Tetracycline concentrations used are listed in Table 4.3
Strain

Osmolality
of sorbitol
containing
media
(Osm)

Doubling time Osmolality
in sorbitol
of NaCl
containing
containing
media (mins)
media
(Osm)

NM522

0.18
0.44
0.67
0.93
1.07
1.25

130 ± 10
160 ± 20
180 ± 20
340 ± 10
1100 ± 30
0

0.18
0.37
0.51
0.70
0.88
1.08

210 ± 10
270 ± 10
950 ± 20
2100 ± 20
3500 ± 90
0

NM522 thyA

0.18
0.44
0.67
0.93
1.07
1.25

120 ± 10
100 ± 20
100 ± 20
470 ± 30
1200 ± 50
0

0.18
0.37
0.51
0.70
0.88
1.08

170 ± 5
160 ± 5
350 ± 10
3500 ± 200
6900 ± 300
0

LH18=
NM522 thyA
folA::kan

0.22
0.52
0.67
0.84
1.08
1.16

200 ± 10
240 ± 10
360 ± 20
1100 ± 20
3500 ± 70
0

0.19
0.35
0.55
0.60
0.81
1.04
1.12
1.4

250 ± 10
170 ± 10
490 ± 20
900 ± 20
1200 ± 60
1700 ± 40
1800 ± 100
0

LH18folA
+ R67 DHFRpKTS

0.22
0.52
0.67
0.84

260 ± 10
280 ± 20
900 ± 25
0

0.19
0.35
0.55
0.60

220 ± 10
520 ± 20
1500 ± 140
0

LH18folA
+ Quad4 DHFRpKTS

0.22
0.52
0.67
0.84
1.08
1.16
1.42

220 ± 10
220 ± 30
540 ± 40
2400 ± 60
2400 ± 30
7200 ± 200
0

0.19
0.35
0.55
0.60
0.81
1.04
1.12
1.4

280 ± 10
490 ± 20
1200 ± 80
1700 ± 100
1800 ± 40
1900 ± 40
2300 ± 50
0
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Doubling
Time in NaCl
containing
media (mins)

Table 4.6 Continued
Strain

Osmolality
of sorbitol
containing
media
(Osm)

Doubling time Osmolality
in sorbitol
of NaCl
containing
containing
media (mins)
media
(Osm)

BW25113

0.21
0.47
0.67
0.88
1.08
1.28
1.53

110 ± 5
150 ± 5
230 ± 10
280 ± 10
360 ± 20
3500 ± 90
0

0.21
0.35
0.54
0.65
0.82
1.05
1.13

120 ± 5
140 ± 10
140 ± 10
170 ± 5
230 ± 20
240 ± 10
780 ± 20

metF

0.18
0.37
0.6
0.86
1.07
1.25
1.47

130 ± 5
150 ± 5
160 ± 5
220 ± 20
380 ± 20
870 ± 70
0

0.19
0.33
0.53
0.73
0.79
0.98
1.18
1.47

140 ± 5
130 ± 5
140 ± 5
190 ± 5
250 ± 10
460 ± 20
2200 ± 70
0

metF +
MTHFR-pKTS

0.18

290 ± 5

0.19

300 ± 10

0.37
0.6
0.86
1.07
1.25
1.47

610 ± 20
1400 ± 20
2100 ± 40
2300 ± 40
4600 ± 50
0

0.33
0.53
0.73
0.79
0.98
1.18
1.47

530 ± 10
860 ± 10
950 ± 10
1400 ± 20
1700 ± 60
2300 ± 60
0

glyA

0.18
0.47
0.67
0.93
1.11
1.29

150 ± 5
170 ± 5
170 ± 5
180 ± 5
350 ± 10
0

0.18
0.39
0.54
0.66
0.86
1.05
1.20
1.31

120 ± 5
120 ± 5
170 ± 5
170 ± 5
200 ± 5
480 ± 50
750 ± 50
0

glyA + SHMTpKTS

0.18

390 ± 20

0.18

240 ± 10
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Doubling
Time in NaCl
containing
media (mins)

Table 4.6 Continued
Strain

Osmolality
of sorbitol
containing
media
(Osm)

Doubling time Osmolality
in sorbitol
of NaCl
containing
containing
media (mins)
media
(Osm)

glyA + SHMTpKTS

0.47

800 ± 40

0.39

500 ± 10

0.67
0.93
1.11
1.29

990 ± 20
1400 ± 20
3100 ± 200
0

0.54
0.66
0.86
1.05

1000 ± 10
2700 ± 50
6900 ± 300
0
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Doubling
Time in NaCl
containing
media (mins)

As the osmolality of the media was increased, all cells grew more slowly. From Figure
4.8, the growth rate of LH18 cells carrying the R67 DHFR-pKTS clone was most impacted,
with cell growth ceasing at 0.67 < x < 0.84 Osm. In contrast, the deletant LH18 cells and
the complemented LH18 + Quad4-pKTS cells grew until 1.08 < x <1.16 Osm. These
trends echo those seen in the agar plate titrations which are consistent with previous
observations where immobilization of bacteria on agar plates or biofilms constrained
growth compared to planktonic conditions and higher osmolalities could be required to
inhibit growth 58, 59.
Lag times, in general, increased with increasing osmolality 60. This is likely due to initial
plasmolysis 61, however other factors such as the number of colony forming units added
to initiate growth can play a role. The maximal turbidity of the cultures was also impacted,
consistent with hyper-osmolality leading to cells devoting more resources to
osmoprotection compared to metabolism 62.
The above growth curves were repeated using NaCl as the osmotic stressor. Doubling
times are listed in Table 4.6. The deletant LH18 cells in media supplemented with
thymidine, adenine, pantothenate, glycine, and methionine and the complemented
Quad4-pKTS cells in minimal media could grow until 1.12 < x < 1.4 Osm. However, the
LH18 strain, complemented by the R67 DHFR-pKTS clone, was affected more severely
by NaCl stress and only grew until 0.55 < x < 0.60 Osm in minimal media. The trend is
similar to that observed with sorbitol, however NaCl is a slightly better stressor. This
difference may arise from sorbitol being used as an alternate carbon source 63, 64.
Alternatively, NaCl can have different effects than sorbitol, for example transcriptional
responses 65, induction of different proteins 66, 67 and ionic effects 68, could alter the
magnitude of the osmotic stress effect.

4.5.4 Growth under osmotic stress is dependent on the enzyme
concentration in the cell
The DHFR concentration can be increased by addition of higher tetracycline
concentrations, which drives expression of the Ptet promoter. To monitor growth rate as
a function of varying amounts of sorbitol under different tetracycline concentrations, 3D
plots were constructed with the culture turbidity at 600nm and the concentration of sorbitol
as the axes. Figure 4.9 A depicts the growth of R67 DHFR-pKTS complemented LH18
cells in BV minimal media containing 0, 50, 100 and 200ng/ml tetracycline. Without
tetracycline, there was no growth. Increased growth occurred with increasing tetracycline
concentrations. Figure 4.9 B also shows the growth curves of the parent strains NM522
and NM522 thyA. Growth of the parent strains is faster than that of the pKTS
complemented strains, consistent with the hypothesis that use of the pKTS plasmid allows
lower levels of protein concentration/activity than provided by the chromosome 27.
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Figure 4.9: Provides 3D plots of cell growth
Left panel (A): growth in minimal media for the LH18 folA strain complemented by the R67
DHFR-pKTS plasmid. Tetracycline concentrations are 0 ng/ml (red), 50 ng/ml (green), 100 ng/ml
(yellow) and 200ng/ml (blue). Sorbitol concentrations are shown on the x-axis. Right panel, the
same data with the growth curves from the parent strains NM522 (magenta) and NM522thyA8
(gray) added. The faster growth of the parent strains is consistent with the Hilvert group’s
proposal that the pKTS plasmid results in protein concentrations/activity that are lower than those
encoded by the chromosome 27. Neuenschwander et al. supported their hypothesis by monitoring
GFP expression in E. coli 27.
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4.5.5 Addition of betaine to osmotic stress titrations enables growth to
higher osmolalities
When glycine betaine is added to the growth media, it becomes the predominant osmolyte
in the cell 7. Betaine is an osmoprotectant that functions by preferential exclusion from
protein surfaces 69, which results in it often being used to fold proteins 70-72. To study the
effect of added betaine, we redid our sorbitol titrations of LH18 carrying the R67 DHFRpKTS plasmid with 1 mM betaine in the agar plates. The deletant and complemented
cells grew until 1.81 Osm ≤ x ≤ 2.22 Osm in media supplemented by thymidine, adenine,
pantothenate, glycine, and methionine (Figure 4.10). Addition of betaine increased the
osmolality to which cells were able to grow 7. When the complemented cells were plated
on minimal media, they also tolerated much higher osmolalities when grown in the
presence of 1 mM betaine. The R67 DHFR-pKTS complemented LH18 strain grew
confluently at 0.71 Osm, however many overgrowing colonies were observed between
0.98-1.67 Osm. The Quad4-pKTS complemented LH18 cells grew until 1.97 Osm,
however no growth was observed at 2.15 Osm. These results were similar to growth of
the deletant LH18 strain in supplemented media. Liquid titrations of deletant and
complemented strains were done using sorbitol as the osmotic stressor. Similar trends
were observed as seen for the agar plates (Figure 4.10C). The ability of betaine to extend
growth to higher osmolality conditions supports the hypothesis that water activity plays a
role in our experiments.

4.5.6 Can osmotic stress titrations apply to other folate pathway
enzymes?
To test whether the activity of other folate utilizing enzymes could be titrated by in vivo
osmotic stress conditions, we used methylene tetrahydrofolate reductase (MTHFR
encoded by the metF gene) and serine hydroxymethyl transferase (SHMT encoded by
the glyA gene). Summaries of these 2 enzymes are provided in Table 4.4.
The metF and glyA genes from E. coli were cloned into the pKTS plasmid. Tetracycline
titrations found 100ng/ml tetracycline allowed the metF cells carrying the MTHFR-pKTS
plasmid to grow in minimal media while 75ng/ml tetracycline allowed the glyA cells
carrying the SHMT-pKTS cells to grow confluently in minimal media (data not shown).

4.5.7 In vivo titrations of methylene tetrahydrofolate reductase activity
MTHFR is functional as a homotetramer and catalyzes the reduction of 5, 10-methyleneTHF to 5-methyl THF using NADH and FAD as cofactors. The 5-methyl-THF product is
used by methionine synthase to produce methionine from homocysteine.
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Growth rate (min-1)

C
.

Figure 4.10: Growth of LH18 (∆folA) cells with and without R67 DHFR-pKTS and Quad4pKTS plasmids in presence of betaine and sorbitol stress
Panel A shows the effect of sorbitol on LH18 (∆folA) cells with and without R67 DHFR-pKTS and
Quad4-pKTS plasmids grown on BV media supplemented with thymidine, adenine, pantothenate,
glycine, methionine plus 1 mM betaine. Panel B shows how addition of 1mM betaine facilitates
growth to higher osmolalities (vs. those seen in Figure 4 of the main text). Table 4.5 lists the
osmolality range at which growth stops. In panel C, results from liquid cultures are provided. The
bar graph compares the effect of 1 mM betaine on the growth rate of LH18 (green bar) vs. the
cells rescued by the presence of the R67 DHFR-pKTS plasmid (red bar).
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Addition of 100ng/ml tetracycline to the MTHFR-pKTS complemented ∆metF strain
resulted in cell growth in minimal media lacking methionine. Figure 4.11 shows our in
vivo sorbitol titrations. All strains grew confluently on media supplemented with
methionine until 1.30 Osm. Sparse growth was observed at 1.64 Osm. In contrast, two
different colonies of the complemented strain (∆metF + MTHFR-pKTS) showed confluent
growth on minimal media until ~0.62 Osm, after which growth was dominated by isolated,
overgrowing colonies. No growth was observed at osmolalities ≥1.17. Since the
complemented strains did not grow in high osmolality conditions (1.17 Osm, minimal
media), while the parent strain grew well at 1.30 Osm (media supplemented with
methionine), we conclude that the MTHFR activity can be titrated by osmotic stress in
vivo. Figure 4.7 shows the effect of osmotic stress on the parent E. coli strains when
grown in BV minimal media with sorbitol.
Figure 4.12 shows titration of the ∆metF strains using NaCl. Similar results were obtained
as with sorbitol as all cells grew until 1.35 Osm on methionine supplemented media.
However, the complemented cells showed confluent growth on minimal media until 0.22
Osm with suppressor colonies until 0.48 Osm and no growth after 0.71 Osm.
Doubling times of these strains in liquid media were also obtained and the values are
listed in Table 4.6. With increasing sorbitol stress, the growth rate of all strains decreased
(Figure 4.13A). As with the agar plates, the deletion cells could survive in higher
osmolalities in media supplemented with methionine than the complemented cells in
minimal media. A similar pattern was observed when NaCl was added to the media
(Figure 4.13B).

4.5.8 In vivo titrations of serine hydroxymethyl transferase activity
SHMT is a homodimer that interconverts glycine and serine using 5,10-methylene-THF,
THF and pyridoxal phosphate. It can also catalyze the conversion of 5,10-methenyl-THF
to 5-formyl THF 73. While this enzyme can also catalyze retroaldol cleavage, racemase,
aminotransferase and decarboxylase reactions 74, Contestabile 75 suggests the SHMT
reaction is its primary in vivo function. Both serine and glycine are required for growth of
∆glyA deletant cells. Transformation of the ∆glyA cells by SHMT- pKTS restored
prototrophy to the strain in the presence of 75 ng/ml tetracycline. Sorbitol titrations of
cell growth are shown in Figure 4.14. Control titrations find all cells grew in BV media
supplemented with glycine and serine until 1.38 Osm. However, in minimal media, the
deletant cells complemented by the SHMT-pKTS plasmid only grew confluently until 0.92
Osm; single colonies predominated from 1.23-1.3 Osm, while cell growth stopped at
higher osmolalities.
The osmotic stress titrations were repeated using NaCl (Figure 4.15). Similar trends were
observed as with sorbitol, although NaCl had a more pronounced effect.
Osmotic stress titrations were also performed in liquid media. Table 4.6 provides the
doubling times while Figure 4.16 shows the growth rates. The behavior is similar to that
observed in the agar plates, with the complemented cells not being able to survive in
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Figure 4.11: Osmotic stress severely impairs the growth of the metF complemented
strains in minimal media
The top panel shows the growth of the metF deletant and complemented strains in minimal media
supplemented with methionine and kanamycin. BW25113 does not grow due to the presence of
kanamycin. Osmotic stress was induced by the addition of sorbitol to the media. The bottom
panel shows growth of the deletion strain carrying the MTHFR-pKTS plasmid where protein
production was induced by addition of 100 ng/ml tetracycline. Cells in panel A grow until 1.30 <
x < 1.64 Osm while cells in panel B grow to 0.62 Osm (confluent growth). Table 4.5 lists the
osmolalities where cells stop growing. The cartoon shows how the cultures are streaked. Two
independent colonies were streaked per transformant. Figure 4.8 shows how BW25113 is
affected by increasing sorbitol concentrations.
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Figure 4.12: Osmotic stress titrations of ∆metF strains using NaCl
Panel A (top) shows the growth of deletion and complemented strains in BV media supplemented
with methionine and kanamycin. The cells grow until 1.35 < x < 1.44 Osm. Panel B (bottom)
shows the growth in BV minimal media with kanamycin, ampicillin and 100ng/ml tetracycline.
Complemented cells carrying the MTHFR-pKTS plasmid grew confluently until 0.48 Osm.
Isolated overgrowing colonies were observed until 0.71 Osm. The cartoons on the right provide a
template for the positions of the different strains.

160

Figure 4.13: Plots of growth rates (min-1) vs. osmolality for the ∆metF strain
Panel A (top) shows growth in the presence of sorbitol for the deletant strain (green bar) and the
complemented strain (red bar). Panel B (bottom) shows growth in the presence of NaCl. With
both osmotic stressors, the deletion strains were grown in BV media supplemented with
methionine whereas the complemented strains (∆metF+MTHFR-pKTS) were grown in minimal
media with 75ng/ml tetracycline
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Figure 4.14: Addition of sorbitol to the growth media impacts the growth of the glyA
complemented strains
The top panel shows the growth patterns in BV supplemented media containing serine and
glycine. The bottom panel shows how the cells grow on minimal media plus 75 ng/ml tetracycline.
Cells in the top panel (A) grow until 1.38 < x < 1.71 Osm while cells in minimal media (panel B)
grow until 0.92 Osm (mat growth). Table 4.5 lists the osmolalities where cells stop growing. The
far-right drawing identifies how cultures were streaked on the plates. Two independent colonies
were streaked per transformant. Figure 4.7 shows the titrations for BW25113.

162

Figure 4.15: The growth of deletant and complemented cells of the ∆glyA strain using
NaCl as the osmotic stressor
Panel A shows the growth of cells in BV media supplemented with glycine and serine as well as
kanamycin. The cells show growth up to 1.15 Osm. Panel B shows the growth in BV minimal
media with kanamycin, ampicillin and 75ng/ml tetracycline. The SHMT-pKTS clone allows cells
to grow confluently until 0.48 Osm. Isolated overgrowing colonies appear until 0.70 Osm. The
cartoons on the right provide a template for the position of the different strains.
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Figure 4.16: The activity of ∆glyA E. coli carrying the serine hydroxymethyl transferase
gene cloned in the pKTS plasmid can be titrated with increasing in vivo osmotic stress
Panel A (top) plots the growth rate (min-1) of the ∆glyA strain (green bar) vs. osmolality in sorbitol
containing media while Panel B (bottom) shows the growth pattern in NaCl containing media. The
deletion strain was grown in BV media supplemented with glycine and serine (green bar) whereas
the ∆glyA + SHMT-pKTS complemented cells (red bar) were grown in minimal media with 50ngml
tetracycline.
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high osmolality conditions on minimal media, while the deletant cells could grow on media
supplemented with glycine and serine.

4.5.9 Can the activity of chorismate mutase be titrated with osmotic
stress?
To test whether another enzyme can undergo in vivo osmotic stress titrations of catalytic
activity, we used a chorismate mutase gene (aroQ) that was initially cloned in the pKTS
plasmid 27. Chorismate sits at a metabolic branch point and this enzyme commits
chorismate to phenylalanine and tyrosine production. A gene encoding a mutant
chorismate mutase was used where insertion of five-amino-acids in the middle of a helix
in the protein resulted in a hexamer with an approximately 600-fold decrease in activity
47. This truncated, mutant gene cloned in pKTS was then transformed into a CM deficient
strain (KA12/pKIMP-UAUC) to create a complemented strain 32, 33.
The chorismate mutase deficient strain grew in media supplemented with tyrosine and
phenylalanine whereas prototrophy was restored in the CM-pKTS complemented cells by
the addition of ≥ 200ng/ml tetracycline. As shown in Figure 4.17, osmotic stress
experiments with increasing sorbitol concentrations allowed the CM deficient cells grown
on media supplemented with tyrosine and phenylalanine to survive until 1.14 Osm with
sparse growth seen at 1.35 Osm. The complemented cells showed confluent growth until
0.65 Osm on minimal media. An increasing number of overgrowing colonies dominated
the growth from 1.04-1.17 Osm with no growth at 1.40 Osm. From these titrations, it
appears that CM activity can be titrated by osmotic stress.

4.5.10 Suppressors in the SsrA tag
Streaks on agar plates allow us to discern where confluent growth diverges from single
colony growth. We monitored agar plate growth daily and initially found confluent growth.
After about two days, overgrowing colonies started to appear at lower tetracycline or
higher sorbitol concentrations. Figure 4.18 shows a sample time course of colony growth
as a function of time for the MTHFR-pKTS rescued ∆metF cells.
Twenty overgrowing colonies from each of the ∆folA, ∆glyA and ∆metF knockout strains
carrying their respective genes in the pKTS plasmid were sub-cultured in media
containing 1M sorbitol. Plasmid DNA was extracted and retransformed into the
appropriate parent strain. Typically, <10 colonies continued to grow on 1M sorbitol media,
suggesting many original colonies had chromosomal mutations. DNA sequencing of the
plasmids showed mutations in the SsrA tag or introduction of a stop codon near the end
of the gene or in the SsrA tag sequence (Table 4.7).
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Figure 4.17: The effects of sorbitol on chorismate mutase function in vivo
The top panel shows the growth of the deletion and complemented cells in media supplemented
with tyrosine and phenylalanine. The bottom panel depicts the growth pattern in minimal media
plus 200 ng/ml tetracycline. Cells in supplemented media (Panel A) can grow until 1.35 < x < 1.82
Osm while cells in minimal media (Panel B) can grow confluently until 0.65 < x < 1.04 Osm. Table
4.5 lists the osmolalities where cells stop growing.
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Figure 4.18: Time course of the growth of ∆metF cells that are complemented by the
MTHFR –pKTS plasmid
Cells were grown on BV media supplemented with methionine on the top panel and BV minimal
media with 100ng/ml tetracycline on the bottom panel. The sorbitol concentrations used are listed
on top of each plate. The plates were monitored every day for a span of five days. Cell growth on
the minimal plates becomes confluent by 2-3 days and stays the same for 5 days. Isolated
overgrowing colonies appeared around day 2-3.
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Table 4.7: List of suppressors appearing at or near the SsrA tag
OverGrowerR67DHFR#7
OverGrowerR67DHFR#9
OverGrowerR67DHFR#11
OverGrowerR67DHFR#15
OverGrowerR67DHFR#19
OverGrowerR67DHFR#20
OverGrowerMTHFR#1
OverGrowerMTHFR#2
OverGrowerMTHFR#4
OverGrowerMTHFR#5

OverGrowerMTHFR#6
OverGrowerMTHFR#7
OverGrowerMTHFR#9

OverGrowerSHMT#2
OverGrowerSHMT#4
OverGrowerSHMT#10
OverGrowerSHMT#11

Mutation in Xho1 site. SsrA tag not made
Mutation in Xho1 site. SsrA tag not made. Different site
than OG#7.
Stop codon introduced in Xho1 Site.
Stop codon introduced in Xho1 Site.
Stop codon introduced in Xho1 Site.
Stop codon introduced in Xho1 Site.
Stop codon in metF gene sequence, three amino acids
before termination. No SsrA tag made.
Frameshift mutation in Xho1 restriction site. SsrA tag not
made.
Base deletion in the metF gene sequence, 5 amino acids
before termination. No SsrA tag made.
Bases introduced in SsrA tag leading to stop codon TGA
where the 4th amino acid of SsrA tag would be. No tag
made.
Stop codon in metF gene sequence in the last amino
acid before termination. Thus, no SsrA tag made.
Stop codon TGA introduced in Xho1 restriction site. No
SsrA tag made.
Bases introduced in SsrA tag leading to stop codon TGA
in the 4th amino acid of SsrA tag. No tag made.
Frameshift mutation in SsrAtag. The tag is not made.
Stop codon introduced in SsrA tag.
Stop codon introduced in SsrA tag.
Stop codon introduced in SsrA tag.
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That all these mutations alter or delete the SsrA tag suggests a common mechanism of
suppression e.g. an increase in enzyme activity due to enhanced protein production. This
points to the enzyme activity being limiting in the cell. This behavior has previously been
observed by the Hilvert group in suppressors of chorismate mutase 27.

4.5.11

Are the observed effects bacteriostatic or bacteriocidal?

Colony forming units (CFUs) were measured for the R67 DHFR-pKTS rescued LH18
strain as well as the MTHFR-pKTS rescued ∆metF strain and the SHMT-pKTS rescued
∆glyA strain. Cells were incubated in several sorbitol concentrations ranging from 0 to
1.75M for up to 48 hrs. Complemented strains inoculated into BV minimal media plus the
appropriate tetracycline concentration did not grow at higher osmolalities and dilutions of
these cultures at 0, 24 and 48 hours showed similar CFUs (data not shown), indicating
bacteriostatic effects 59, 76-78.

4.5.12

Mathematical modeling

A Matlab program was obtained from Drs. Nijhout and Reed (Duke) that describes the
folate mediated one carbon metabolism cycle from bacteria (see Figure 4.19). This model
is updated from that published in LeDuc et al. 79. As genes for a flavin dependent
thymidylate synthase (thyX)79 and formyltetrahydrofolate synthetase (fhs)80 do not occur
in E. coli, those velocities were set equal to zero. Also we replaced the kinetic values for
dihydropteridine reductase with those of FolM, a pteridine reductase that weakly
catalyzes the DHFR reaction 8, 81. Note the SHMT reaction is only modeled as occurring
in the direction of glycine formation. A second reaction catalyzed by SHMT (i.e. methenylTHF to 5-formyl-THF) is listed as SHMT2 73. A rate describing the non-enzymatic
interconversion of THF to N5,N10-methylene-THF is additionally included as CH2. The
mathematical model does not include any polyglutamylation effects, K i values for
inhibition or enzymes that degrade folate. No rates are entered for flux into the pathway
(by dihydrofolate synthase (FolC) formation of DHF from dihydropteroate + paminobenzoate or by reduction of folate to DHF by DHFR) or flux out of the pathway
(methionine formation via methionine synthase).
The effect of osmotic stress was analyzed on specific folate pathway enzymes in Matlab
by either decreasing the Vmax of the reaction to zero or by increasing the KM value for the
folate ligand to 1M. While the Vmax for the deletion strain complemented by the pKTS
plasmid should be smaller due to a lower dose of protein, we do not know what this level
is. Thus, we maintained the original level in the model and elected to present the general
trends observed. Figures 4.20-4.22 show the effects on SHMT, MTHFR and DHFR.
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Figure 4.19: Simplified folate mediated one carbon reactions used in mathematical
modelling
Substrates are shown in rectangles and enzymes in ellipses. The enzymes used in our osmotic
stress titrations are highlighted in yellow ellipses. Substrate abbreviations are given below and
the enzyme abbreviations and the values used in the mathematical model are provided in the
following Table 4.8.
Substrate abbreviations:
AICAR, aminoimidazole carboxamide ribotide;
DHF, dihydrofolate;
GAR, glycinamide ribotide;
N5-formyl-THF, N5-formyltetrahydrofolate;
N10-formyl-THF, N10-formyltetrahydrofolate;
N5-methyl-THF,5-methyltetrahydrofolate;
N5,N10-CH2-THF, N5,N10-methylenetetrahydrofolate;
N5,N10-CH=THF, N5,N10-methenyltetrahydrofolate;
THF, tetrahydrofolate;
dTMP, Deoxythymidine monophosphate;
dUMP, deoxyuridine monophosphate
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Table 4.8: Abbreviations and values used in the mathematical model
Abbreviation

Enzyme

AICART

Aminoimidazole
carboxamide
ribotide
transformylase
Non-enzymatic
conversion of THF
to N5,N10methylene-THF
Dihydrofolate
reductase
FolM
10Formyltetrahydrofol
ate dehydrogenase
Formyltetrahydrofol
ate deformylase
Glycine
decarboxylase
5,10-Methylenetetrahydrofolate
cyclohydrolase

CH2

DHFR
FolM
FTD

FTDF
GDC
MTCH

MTD

MTHFR

MS
MTS

5,10Methylenetetrahydr
ofolate
dehydrogenase

5,10-Methylenetetrahydrofolate
reductase
Methionine
synthase
Methenyltetrahydrof
olate synthetase,
also known as 5formyl-THF cycloligase

Vmax
(µM/hr)
562.5

KM1 (µM)

KM2 (µM)

dUMP: 6.3

N5,N10CH2-THF:
14

0.01

-

-

225

DHF: 0.5

NADPH: 4.0

1.92
1400

DHF: 4.3
N10-formyl-THF:
20

NADPH: 4.0
-

2000

-

7500

N10-formyl-THF:
49
THF: 50

Vmax1:
48000

N5,N10-methenylTHF: 250

Vmax2: 2000
Vmax1:
20000

N10-formyl-THF:
100
N5,N10methylene-THF: 2

Vmax2:
59400
660

525
800
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Glycine:
3400
-

-

N5,N10-methenylTHF: 10
N5,N10methylene-THF:
50
N5-methyl-THF:
25
N5formyltetrahydrofol
ate: 2

NADPH:16

Homocystei
ne: 0.1
-

Table 4.8 Continued
Abbreviation

Enzyme

PGT

Phosphoribosyl
glycinamide
detransformylase
Serine
hydroxymethyltransferase
Thymidylate
synthase

SHMT

TS

Vmax
(µM/hr)
9720

4000

562.5

KM1 (µM)

KM2 (µM)

N10formyltetrahydrofol
ate: 4.9
THF: 50

GAR: 520

N5,N10methylenetetrahyd
rofolate: 14

Serine: 600

dUMP: 6.3

Most come from the Brenda database (https://www.brenda-enzymes.org/). Additional values are
from LeDuc et al. 79 The FolM Vmax was scaled to the DHFR value based on their respective kcat
values (see Table 4.4).
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A.

B.

Figure 4.20: Mathematical modeling of SHMT activity impacted by osmotic stress
The reactions are described in Figure 4.19. Panels A and B show the effects of decreasing the
Vmax or increasing the KM values for SHMT, respectively. As a second reaction catalyzed by
SHMT is conversion of N5,N10-methenyl-THF to 5-formyl-THF, effects on this reaction were also
entered in the mathematical model. For example, if a 10x effect was entered for the SHMT main
reaction, a 10x effect was additionally entered for the SHMT2 reaction. The concentrations of
various folate redox states are shown. Panel A should be read from right to left while panel B
should be read from left to right
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A.

B.

Figure 4.21: The impact of osmotic stress on MTHFR activity as fit to a mathematical
model
The reactions are described in Figure 4.19. Panels A and B show the effects of decreasing the
Vmax or increasing the KM values for MTHFR, respectively. The concentrations of various folate
redox states are shown. Panel A should be read from right to left while panel B should be read
from left to right. (AICART levels are hidden behind those of 5-formyl THF, i.e the values are
similar).
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B.

A.

Figure 4.22: Osmotic stress titrations of DHFR activity as predicted by a mathematical
model
The reactions are described in Figure 4.19. Panels A and B show the effects of decreasing the
Vmax or increasing the KM values for DHFR, respectively. The concentrations of various folate
redox states are shown. Panel A should be read from right to left while panel B should be read
from left to right.
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Not surprisingly, decreasing the Vmax of SHMT leads to accumulation of its substrate,
THF, and decreases in its product concentration (N5,N10-methylene-THF, see panel A
of Figure 4.20). As glycine decarboxylase can also generate N5,N10- methylene-THF,
the concentration of N5,N10-methylene-THF plateaus rather than being reduced to zero.
There is also a depletion of 5-formyl-THF as a secondary reaction of SHMT is formation
of 5-formyl-THF from methenyl-THF 73. Surprisingly, the DHF concentration also
decreases as the velocity of SHMT decreases. This situation arises as the thymidylate
synthase velocity is sufficiently high (and the enzyme is not running at Vmax) to form DHF,
while the DHFR rate is almost at Vmax and the FolM rate is small. These fluxes result in
a build-up of DHF. Effects on the KM of SHMT provide similar patterns (see panel B of
Figure 4.20). In either case (lowered Vmax or increased KM), a decreased catalytic
efficiency occurs.
Effects on MTHFR are similar to those predicted for SHMT, i.e. an increase in substrate
concentration (N5, N10-methylene-THF) and loss of product concentration (5-methylTHF, see Figure 4.21). As seen for the above loss of SHMT activity, the DHF levels
increase due to the high flux through the thymidylate synthase reaction coupled with a
low flux through DHFR and FolM. Changes in other folate redox state concentrations are
minor. As there are no other reactions in the model that produce 5-methyl-THF, its
concentration goes to zero. Since 5-methyl-THF leads into the methionine cycle, it is
anticipated that this cycle will also be affected 82, 83.
Finally, use of the mathematical model to predict effects of osmotic pressure on DHFR
activity in vivo finds that the DHF concentration rises and the THF concentration
decreases (see Figure 4.22 panels A, B). Loss of DHFR function leads to depletion of
[THF], which in turn leads to catastrophic loss of the other folate redox states. As a double
knockout of DHFR and FolM is synthetic lethal 81 and as the catalytic efficiency of FolM
is ~400 fold less efficient than EcDHFR (or 4 fold less than R67 DHFR) and as FolM is
also affected by osmotic stress 8, we predicted what would happen if its activity were
additionally titrated (in parallel to that of R67 DHFR). For this case, the concentrations of
all folate species (except DHF) drop further (plots not shown).
For all the examples provided above, to the extent that other folate pathway enzymes are
affected by osmotic stress, they can amplify the observed effects.

4.6 Discussion
4.6.1 The complexity and heterogeneity of the cell
The complexity of the cell provide many possible scenarios for how and why our osmotic
stress titrations of enzyme activity may occur. Table 4.9 lists a few of the important
variables which are protein concentration, the activity of the enzyme under cellular
conditions, how the various solutes interact and the identity of the osmolytes in E. coli.
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Table 4.9: Potential contributing factors associated with in vivo titrations
Variable
Modulation by
Protein
Removed in knockout E. coli strains; re-added at tunable levels using
concentration the Ptet promoter and tetracycline in pKTS plasmid a
Minimized via use of SsrA degradation tag in pKTS a
Proteins can be stabilized or destabilized by interaction with
osmolytes b and/or crowders c
Enzyme activity can be modulated by interactions with neighboring
macromolecules d
Altered protein expression levels possible due to osmotic stress e
May be affected by folding mechanism associated with
oligomerization, e.g. if monomer can fold coming off the ribosome, it
may be more stable than if an unfolded monomer needs another
monomer to be synthesized to form a dimer
Enzyme
kon and koff rates as well as kcat/Km can be altered by interaction with
activity
crowders as well as increased viscosity upon addition of osmolytes
and/or crowders. At high [substrate], if chemistry is rate determining,
then viscosity will likely have minimal effects f
Substrate capture (e.g. kcat/Km) can be rate determining at low
[substrate]. g
If enzyme activity is inhibited by osmotic stress, the [substrate] will
rise
[Substrate]
Weak interaction of ligands with osmolytes for example, folate
and
interaction with trehalose and betaine, can lower the concentration of
free ligand h
[cofactor] in
Weak interaction of ligands with macromolecular surfaces for
cell
example, folate interaction with lysozyme, BSA, and others can lower
the concentration of free ligand i
Gene knockout results in buildup of the [substrate] for the encoded
enzyme
No metabolomics information on folate redox state concentrations or
NADPH in E. coli under osmotic stress j
Exclusion of osmolytes from NADPH can tighten binding k
Domino
Buildup in [substrate] of inhibited enzymes can inhibit other enzymes
effects
in pathway. For example, inhibition of DHFR by trimethoprim results in
buildup of [DHF] which in turn inhibits folyl-polyglutamate synthase l
Inhibition of one enzyme will deplete the concentration of its product,
which as the substrate of another enzyme, will reduce this rate as
well. For example, a mathematical model of folate liver metabolism
predicts >90% inhibition of DHFR is necessary to affect thymidylate
synthase activity m
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Table 4.9 Continued
Variable
Identity of
osmolytes in
E. coli

Modulation by
Normally trehalose is produced as an osmoprotectant against low
water conditions. n Addition of betaine to the media results in its
uptake and higher growth rates due to the preferential exclusion
mechanism. Cells cannot grow when no free water remains (~1.9
Osm). o
Addition of betaine switches E. coli to fermentative pathways at high
[NaCl]. p

From reference 27
b
From references 84, 85
c
From references 21, 86, 87
d
From reference 21, 90, 91
e
From references 66, 92-96.
f
From references 49, 97-101
g
From references 102-104
h
From references 8-11, 13
i
From unpublished data and references 11, 105
j
From reference 106
k
From references 8-10
l
From reference 35
m
From reference 107
n
From reference 108
o
From reference 7
p
From reference 92
a
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A prime consideration is the protein concentration, which needs to be tightly controlled.
Since E. coli are normally able to grow until ~1.9 Osm 7, the protein dose needs to be
lower than that offered by chromosomal expression. The tunable plasmid, pKTS,
provides a path to achieve low expression levels via use of the Ptet promoter and the
SsrA degradation tag. Additionally, protein stability (and thus turnover) can be affected
by the presence of osmolytes 84, 85, crowders 21, 86, 87 and/or volume exclusion 88, 89. Both
stabilization 84, 86 and destabilization 86, 87 have been observed.
A second important parameter is the available ligand concentration. For example, the
glutamate tail of folate prefers to interact with water while the pterin and benzoyl groups
prefer to interact with betaine 13. If the weak folateosmolyte or folatecrowder interactions
are more difficult to break than the folatewater interaction, then binding to an enzyme
partner is weakened (or restated, the binding equilibrium is shifted towards the free,
unbound enzyme). This type of situation occurs with DHFR function in vitro 8-10. It may
also apply to ATP as an all atom molecular dynamics model of the Mycoplasma genitalium
cytoplasm found ATP often associated with protein surfaces 86. Most recently, ATP has
been suggested to act as a biological hydrotrope, being able to decrease protein
aggregation and liquid-liquid phase transitions 109. In these examples, ligands weakly
interact with macromolecular surfaces. If dissociation from these surfaces is slower than
desolvation, then the concentration of free ligand available for binding to its specific
enzyme partner is decreased. Additionally, Zotter et al. have recently studied TEM1-𝛽lactamase activity in Hela cells 105. As the logP for the microinjected substrate is 4.5, they
find slower diffusion rates than for a fused mCherry-lactamase construct. They modeled
the reaction as having a soft interaction with macromolecule(s) X and proposed release
of substrate from X as the slow step in the in vivo reaction.
Ligand concentration can also be altered by use of a deletion strain or an inhibitor or
decreased enzyme expression levels. With low to no enzyme activity, the concentration
of its substrate builds up. This can provide a domino effect if the increased substrate
concentration inhibits another enzyme in the pathway. An example of this is inhibition of
chromosomal E. coli DHFR by trimethoprim which results in an increased DHF
concentration, which in turn inhibits folyl-polyglutamate synthase 35. A related factor upon
enzyme inhibition is loss of its product, which can limit the activity of downstream enzymes
110.
A third issue is how enzyme activity can be modulated by osmolytes and/or crowders.
Enzyme activity can be either enhanced or decreased in vitro, depending on the identity
of the enzyme, ligand and osmolyte or crowder added. Activities that are enhanced likely
follow a preferential exclusion model where osmolytes are excluded from protein surfaces
111, while activities that are decreased likely follow a preferential interaction model where
osmolytes act as a co-solvent and interact with the protein or ligand surface, albeit weakly.
Acosta et al. summarize crowding effects for 32 different studies and conclude “a onesize-fits-all theory cannot fully reduce or explain the effects of crowding on enzyme
kinetics” 101. A related issue is altered viscosity, which can diminish enzyme activity by
affecting either substrate binding, product release or altering any conformational changes
in the enzyme 49, 97-100, 112. Most enzymes listed in Table 4.4 have chemistry as their rate
determining steps, suggesting viscosity effects might be minimal under saturating
substrate conditions. Also, in Figure 4.6, Quad4-pKTS allows growth of the ∆folA cells at
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1.06 Osm while R67 DHFR-pKTS allows growth to ≤ 0.87 Osm (a larger difference would
exist if confluent lawns are considered vs. single colony growth). Here, Quad4 may serve
as an internal control for R67 DHFR, as presumably the internal viscosity of the E. coli
cells would be higher in the higher osmolality conditions. These various considerations
suggest viscosity effects could play a role but likely do not dominate.
Another factor is the identity of the osmoprotectants produced by the organism in
response to osmotic stress. E. coli produce trehalose, K+ and glutamate in response to
osmotic pressure 3-6. E. coli take up betaine when it is added to the media; this typically
allows cells to grow to higher osmolalities as betaine has been proposed to be the most
excluded osmolyte from protein surfaces 7, 69. The preferential interaction coefficient
(µ23/RT) measures whether a molecule prefers to be solvated by water or to interact with
osmolytes present. Table 4.10 provides predicted µ 23/RT values for the substrates of the
enzymes involved in this study with respect to trehalose and betaine. A positive value
indicates a preference for solvation by water while a negative value supports interaction
with the osmolyte. A value of zero indicates both osmolyte and water interact equally
well. All the folates show negative to zero values, suggesting their likely interaction with
trehalose, betaine and/or protein surfaces displaying these functional groups.
Even though the above discussion indicates many factors may be involved, the prime
effect in our experiments appears to be a decreased enzyme activity, modulated by either
the protein concentration and/or the availability of substrate. Another possibility is
enzyme-osmolyte interactions that decrease kcat or kcat/Km. This statement arises from the
above discussion as well as the pKTS plasmid which lets us target the effect of a low
protein dose for one specific protein in osmotic stress. Here we consider that all the
strains are related and have sufficient protein doses to grow at high osmolalities except
for the strain that under-expresses one protein. While the osmotic stress conditions could
be affecting other proteins, their dose is sufficiently high to be able to tolerate these
environmental changes. Rather it is the low dose enzyme that is sensitive to the altered
milieu.

4.6.2 Which titrations worked and why?
The activities of wt R67 DHFR, SHMT, MTHFR, and CM are titratable in vivo by osmotic
stress. One parameter associated with these enzymes is that they all have relatively low
kcat values (see Table 4.4). This likely enables titration of enzyme activity.
Another observation is that all these enzymes are oligomers, which allows presentation
of multiple SsrA tags. Avidity effects due to multiple SsrA tags may aid proteolysis. Also
folding pathways that involve unfolded monomeric intermediates could play a role.
While the folate pathway enzymes were predicted to be titratable based on their µ23/RT
values (see Table 4.10), our results with chorismate mutase were a surprise. Why might
the activity of CM be sensitive to osmotic stress in vivo? A first reason is if the hexameric
mutant CM protein is unstable at low concentrations. Additionally, the presence of six
SsrA tags should lead to rapid degradation. Another possibility is effects of the osmolytes
on the enzyme.
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Table 4.10: Predicted µ23/RT values for various ligands associated with the enzymes
studied
Enzyme

DHFR

Serinehydroxymethyl
transferase

Chorismate
mutase

Methylene
tetrahydrofolat
e
reductase

Ligand
NADPH
DHF
NADP+
THF
Trimethoprim
Serine
Glycine
THF
5,10methyleneTH
F
Pyridoxal 5’phosphate
Chorismate
Prephenate
Tyrosine
Phenylalanin
e
NADH
5,10methyleneTH
F
FAD
5-methyl-THF
NAD+

Betaine
µ23/RT
(m-1)a
0.983
-0.049
1.051
-0.112
-0.744
0.160
0.156
-0.112

Trehalos Glutamate
e µ23/RT µ23/RT (m-1)
c
(m-1) b
-0.408
0.781
-0.110
0.650
-0.768
0.815
-0.122
0.547
0.468
0.568
0.018
0.080
-0.038
0.020
-0.122
0.547

LogP d
-7.183
-3.409
-7.417
-3.892
1.258
-3.661
-3.022
-3.892

-0.053

-0.105

0.712

-3.814

0.820

-0.676

0.422

-1.550

0.430
0.563
-0.200

0.140
-0.006
0.007

0.508
0.451
0.136

-2.758
-3.081
-1.705

-0.340

0.029

0.307

-1.411

0.160

0.277

0.766

-4.967

-0.053

-0.105

0.712

-3.814

0.999
-0.089
-0.169

-0.651
-0.145
0.112

1.159
0.694
0.793

-5.090
-3.550
-5.200

Values calculated from reference 13 using equation 4.
b
Values calculated from reference 18.
c
Values calculated from reference 17.
d
LogP values were calculated using MOE version 2015.1001
a

Substrates are listed in black; products are listed in blue; inhibitors are listed in red and pathway
end products are listed in green
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4.7 Conclusion
Mutations that provide some resistance to osmotic stress in bacteria identify differential
expression of RNA polymerases, overproduction of osmolytes, increased transport of
osmolytes, defective N-acetylglucosamine catabolism and mutations in the cell shaperegulating protein MreB 113-116. In contrast, we took an under-expression approach and
found that in the absence of external osmolyte, four different complemented strains can
grow in minimal media at a low protein dosage. However, placing these cells in high
osmolality conditions blocks growth. What is it about this combination of high osmolality
and low enzyme activity that inhibits cell growth? Our in vitro studies suggest that water
activity is critically important to catalytic efficiency and that weak folate-osmolyte
interactions likely play a role, making it more difficult for proteins to find and bind their
substrates/inhibitors/cofactors While other factors may also be important (Table 4.9), our
study introduces the new possibility of osmolyte/crowder interactions with ligands
influencing catalytic efficiency in vivo. This scenario could be an example of negative
design, as these difficulties are not normally seen as protein expression levels are
sufficient to allow cell growth at high osmolalities, indicating E. coli have evolved to deal
with variations in their osmotic environment. Further study will let us know whether these
titrations are restricted to folate metabolism or whether the activities of other enzymes
can be titrated.
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Folate (Vitamin B9) serves as the donor in one carbon transfer reactions responsible for
the synthesis of essential amino acids and nucleotide precursors. Folate is acquired
through dietary intake, and the enzymes that process it are compartmentalized in humans
and higher eukaryotes 1. Malfunctioning of the enzymes of the folate pathway can lead to
various diseases 2. Bacteria on the other hand can synthesize their own folate and do not
have to compartmentalize or sequester these enzymes. These enzymes, along with their
reactants and products, are thus floating in a mixture of small molecules and
macromolecules. One set of components in the cell are small molecule osmolytes. E. coli
is known to synthesize small molecule osmolytes during times of osmotic stress to combat
turgor pressure. These osmolytes can be amino acids, sugars and methylamines (Figure
1.4). Osmotic stress also leads to some water loss and increased crowding in the cell 3.
It is thus intriguing to think about how enzymes function in an extremely crowded cell
under osmotic stress. How water affects enzymes of the folate pathway is also of interest.
The folate pathway is found in most life forms and is essential for cell growth and survival.
The enzymes of the folate pathway are major candidates for antibacterial and anticancer
drug targets 2.
Previous work done in our lab has looked at the effect of small molecule osmolytes on
the binding of dihydrofolate to dihydrofolate reductase (DHFR). Osmolytes weakly
interacted with dihydrofolate preventing its association to DHFR, thus hindering its activity
4, 5. Our lab has previously characterized the weak interactions of betaine with folate.
Vapor pressure osmometry (VPO) and NMR studies were performed to understand the
interactions of betaine with folate at the atomistic level 6, 7. Nuclear Overhauser effect
spectroscopy (NOESY) has identified that the bonds in folate rotate more slowly in
presence of betaine, which suggests interactions of betaine with the aromatic carbons of
folate, particularly the pABA ring 7. This study was further extended using VPO studies,
which indicated that betaine preferred to interact with the aromatic carbons, cationic and
amide nitrogens. Betaine was predicted to associate with folate via cation-pi interactions
6. Thus, these two techniques established that betaine prefers to interact with folate at
certain functional atoms. The weak interactions between betaine and free folate shifts the
binding equilibrium to the free species. This shift in equilibrium disrupts ligand binding
and activity of dihydrofolate reductase.
The non-reducing sugar, trehalose, is another important cellular osmolyte, and is
chemically different than betaine, a methylamine. Betaine is hypothesized to interact with
folate through cation-pi stacking interactions 6. Trehalose is known to interact with itself,
and water molecules, with extensive hydrogen bonds 8. It is thus predicted that if trehalose
interacts with functional groups on folate, it will be via hydrogen bonding with its hydroxyl
groups.
Previous osmometry studies done with trehalose and betaine have suggested that the
two osmolytes interacted in an opposing manner with several functional groups 6, 9.
Betaine preferred to interact with aromatic carbons whereas trehalose preferred to stay
away from them 6, 9. Interactions with aromatic carbons are relevant to the studies in this
thesis as this atom type is present in folates. Trehalose and betaine also have different
effects on functional groups that are present on other metabolites of the folate pathway.
For example, trehalose and betaine show opposing interactions with phosphate oxygens.
Phosphate groups are present on dihydropterin pyrophosphate that is a substrate of folP
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(DHPS) and the cofactors pyridoxal phosphate and nicotinamide adenine dinucleotide
phosphate of the glyA (SHMT), metF (MTHFR) and folA (DHFR) enzymes, respectively.
(see Figure 1.2 for the folate pathway). Thus, the weak interaction/repulsion imparted on
the metabolites in the cell that possess functional groups with these atom types will differ
in the presence of trehalose and betaine.
The bacterial cytoplasm is a crowded environment enriched with the potential for many
weak interactions. We wondered if these weak interactions can be captured in in vivo
experiments. Bacterial cells have evolved a clever way of synthesizing or transporting
specific osmolytes depending on the environment. For example, betaine is the
predominant osmolyte made during osmotic stress in nutrient rich conditions whereas
trehalose gains dominance in a nutrient limited osmotic stress environment 10. Depending
on the dominance of certain osmolytes present in the cell, the weak interactions and
behavior of macromolecules would change.
The research presented in this thesis addresses the effect of weak interaction on ligands
and proteins of the folate pathway using in vivo and in vitro approaches. It is predicted
that if osmolytes preferentially interact with functional groups present on the
ligand/cofactors/proteins, they will affect the ligand/cofactor enzyme relationship. The
interactions of osmolytes with biomolecules can be studied at the atomistic level using
vapor pressure osmometry and at the molecular level using in vitro biophysical assays
studying the effect of osmolyte interactions on ligand binding to and structure of the
enzyme. These weak interactions can also be explored through in vivo microbiology
assays by studying bacterial cells in osmotically stressed condition. From this work, we
propose that the effects of osmolytes are specific to their chemical structure and that they
form weak interactions in vivo at levels significant enough to affect cell growth under
osmotic stress. The future direction of this research is to understand the functioning of
macromolecules in a crowded environment and determine the effect of weak interactions
on folate pathway enzymes under less stressed conditions.

5.1 Investigation of the weak interactions between trehalose and
folate
One of the strategies to study the types of weak interactions that occur in the cell is to
understand the effects osmolytes have on cellular macromolecules and their ligands.
There are several biologically relevant osmolytes of varying chemical nature. Thus, the
types of weak interactions they participate in depend on their chemical structure. These
weak interactions have been shown to affect macromolecule function. Additionally,
interactions between osmolytes and substrates of the folate pathway affect the binding of
the folates to their respective enzyme 5, 6, 11, 12. This hinders the activity of the enzymes in
the cell. Osmolytes also affect the folding of proteins in the cell 13. Since several of the
osmolytes used in these studies are present in most living organisms, understanding the
myriad of weak interactions in the cell is of utmost importance. If these interactions occur
in vitro, then they will also occur in vivo, which could potentially affect cell behavior.
Another term for these weak interactions between osmolytes and macromolecules is
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preferential interaction. This is when the functional groups/atom types present on the
surface of a macromolecule, or metabolite, prefer to interact with either osmolyte or water
as compared to the other solute.
In Chapter 2, we used VPO to study the preferential interactions of osmolytes with model
compounds that have the same functional groups as macromolecules and the metabolites
of the folate cycle. We quantified these interactions as preferential interaction coefficients
(µ23/RT) of trehalose using more than 50 model test compounds. The functional groups
explored in this study were: aliphatic and aromatic carbons; phosphate, hydroxyl and
amide oxygens; and amide, cationic and aromatic nitrogens. A positive µ 23/RT indicates
preferential interaction of test compound with water, and exclusion of trehalose from its
solvation shell. A negative µ23/RT indicates preferential interaction of test compound with
trehalose rather than water, while a value of zero indicates equal preference for water
and trehalose. The preferential interaction coefficients are the summation of the
interaction potentials (α values) derived from solvent accessible atom types on the test
compound. The preferential interaction coefficients were obtained for more than 50 model
compounds, and these values were deconvulated to obtain atomistic interaction
coefficients. Atomistic interaction coefficients represent the interaction potential of
trehalose with solvent accessible atom types. Our results indicate that trehalose prefers
to interact with phosphate oxygen, amide nitrogen and cationic nitrogen, but excludes
aromatic carbon and nitrogen, aliphatic carbon, amide and hydroxyl oxygen.

5.1.1 How is trehalose different from other osmolytes?
Trehalose has similar favorable preferential interactions to glycerol except for aromatic
carbons. Glycerol and trehalose are predicted to weakly interact via hydrogen bonding 14.
In the case of aromatic carbons, glycerol preferred to interact whereas trehalose was
excluded from the surface of the aromatic rings. Polyols and small PEGs are also
predicted to favorably interact with aromatic carbons 14. Compared with betaine and
proline, which are the other two predominant osmolytes that the cell accumulates under
osmotic stress, trehalose favorably interacted with phosphate groups, while betaine and
proline were excluded from the negatively charged oxygens. Likewise, trehalose had
unfavorable interactions with aromatic carbons, while betaine and proline interacted
favorably with aromatic carbons 6, 9, 15, 16. Phosphates and aromatic carbon containing
metabolites are widely present in the cell. Most of the secondary messengers and
macromolecules of the cell have different levels of phosphorylation depending on the
energy status of the cell. Hence the presence or dominance of one osmolyte over the
other will influence the range of weak interactions in the cell.
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5.1.2 Interaction of trehalose with folate and other techniques that can
be used to explore this
The preferential interaction coefficients can be calculated for folate by multiplying the α
values with the area occupied by the atom types on folate. Using the α values from
Chapter 2, we predicted a preferential interaction coefficient for folate of 0.54 m-1, which
indicates preferential exclusion of trehalose from folate. Experimentally, the interaction of
trehalose with folate gave a value of 0.46 m-1, which is very close to our predicted value.
A previous study done by Hong et al obtained different atomistic interaction coefficient
values than the ones obtained in our study 9. In the previous study, the technique of
freezing depression osmometry, which relies on the change in the freezing point of water
in solutions containing compound or osmolyte, was employed. The study was done with
a set of 20 model compounds with less emphasis on compounds containing aromatic
carbons and nitrogens. Additionally, the authors reported two atomistic interaction
coefficients of trehalose with aromatic carbons depending on the test compound used in
the study. Preferential interaction of trehalose with aromatic carbons was suggested when
aromatic carbons in phenylalanine were used for data fitting whereas preferential
exclusion was predicted when histidine and 4-benzylalcohol were used for the fitting 9.
The molality range for phenylalanine was extremely low due to its low solubility and this
led to higher errors in the data set. Imidazole in histidine is known to dimerize at higher
concentrations 17, and this makes the data analysis with histidine complicated, as the
monomeric and dimeric histidine will interact with trehalose differently. In addition to the
presents of histidine dimers, the aromatic carbons were not analyzed separately from
aromatic nitrogens in the imidazole ring. Hence there was a need to obtain more refined
values for preferential interaction of trehalose with aromatic nitrogens and carbons. Since
folate has aromatic carbon and nitrogen, our study explored the effect of trehalose on
these functional atom types in more detail. Using their α values, a preferential interaction
coefficient of -0.403 was calculated for folate with trehalose. We propose other
techniques must be used to understand the preferential interactions of trehalose with
different atom types. This data can be used to support our VPO study, and hopefully
resolve the differences seen between our and the Hong et al study.
NOESY NMR can be used to study the weak interactions of trehalose with folate at the
atomistic level. NOESY measures the distances between two protons in close proximity.
The phase and the tumbling intensity is dependent on the extent of the interactions. Faster
tumbling rates give rise to positive NOE and slower tumbling will yield negative NOE 18.
NOESY experiments have been used to explore the weak interaction of betaine with
folate. NOE between the protons on the pABA C3’/C5’ carbons and the C9 protons of
folate (see Figure 1.1 for folate numbering) were positive, while a negative NOE was
obtained upon addition of deuterated betaine. This is indicative of slow tumbling of pABA
ring of the folate in presence of betaine 7. NOESY experiments can be performed with
deuterated trehalose. Trehalose dihydrate has been previously reported to be partially
deuterated at carbon positions 2, 3, 4, and 6 using a Raney nickel catalyst 19. Our
osmometry experiments indicated preferential exclusion of trehalose from aromatic
carbons, as well as the glutamate oxygens, in folate and hence it is expected that the
tumbling rate will not change in presence of trehalose. However, if there is preferential
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interaction of trehalose with aromatic carbons, as one of the Hong  values suggests,
and carboxylate oxygens, then a change in the NOE signs would be expected.
The effects of trehalose on folate dimerization can also be used to determine which 
values for aromatic carbons is correct. Folate dimerization can be measured by NMR 7,
and the Kd will change depending upon whether trehalose interacts with the folate
monomer, or is excluded from it. Folate dimerizes with the pterin ring of one folate
stacking over the pABA ring of the second folate molecule. Since our osmometry
experiments predict preferential exclusion of trehalose from the atom types present in
pterin and pABA ring, we would predict that the dimerization K d will decrease in the
presence of trehalose. Exclusion of trehalose from the aromatic rings indicates the
desolvation penalty associated with dimer formation will be reduced. This should lead to
association of folate molecules with each other at lower concentrations in the presence
of trehalose. On the other hand, if the  values from Hong et al are accurate, then
trehalose will interact with the aromatic carbons. Thus, trehalose will have to dissociate
from the folate monomers first, before the dimer can form, increasing the K d of folate
dimerization.
The effects of trehalose on folate dimerization can also be used to determine which 
values for aromatic carbons is correct. Folate dimerization can be measured by NMR 7,
and the Kd will change depending upon whether trehalose interacts with the folate
monomer, or is excluded from it. Folate dimerizes with the pterin ring of one folate
stacking over the pABA ring of the second folate molecule. Since our osmometry
experiments predict preferential exclusion of trehalose from the atom types present in
pterin and pABA ring, we would predict that the dimerization K d will decrease in the
presence of trehalose. Exclusion of trehalose from the aromatic rings indicates the
desolvation penalty associated with dimer formation will be reduced. This should lead to
association of folate molecules with each other at lower concentrations in the presence
of trehalose. On the other hand, if the  values from Hong et al are accurate, then
trehalose will interact with the aromatic carbons. Thus, trehalose will have to dissociate
from the folate monomers first, before the dimer can form, increasing the K d of folate
dimerization.

5.2 Different effects of osmolytes with ligands containing
phosphate groups and aromatic carbons
Preferential interaction coefficients can yield information on how ligands and enzymes will
behave in complex media. In order to test the effects, we predicted the preferential
interaction coefficients of several reduced folate/ folate fragments and employed enzyme
binding assays to understand how weak interactions perturbed these ligand-enzyme
systems. Folate is made from the fusion of a pterin ring with a pABA ring to which a
glutamate tail is later added (Figure 1.1). The enzyme dihydropteroate synthase (DHPS)
is responsible for the cleavage of dihydropterin pyrophosphate and condensation of the
pterin and pABA rings to form dihydropteroate 22. In Chapter 3, the binding of the ligands
pterin pyrophosphate and pABA was monitored using isothermal titration calorimetry
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(ITC). The preferential interaction coefficients of osmolytes with these ligands were
calculated. There was good agreement between the predicted preferential coefficients
and the influence of the osmolytes on ligand binding. In the case where the ligands had
negative 23/RT values for a particular osmolyte, weaker binding occurred. This was due
to preferential interaction of the osmolytes with certain functional groups on the ligand
that hindered the association of the ligand to the enzyme. Osmolyte interactions with the
free ligand shift the binding equilibrium away from the bound complex, thus lowering the
Kds. The reverse also occurred wherein positive 23/RT values led to tighter binding of
ligand to the enzyme. This was due to preferential exclusion of the osmolyte from the
functional groups on the ligand and a reduction in the desolvation penalty associated with
binding. Most of the osmolytes did not affect the secondary structure of DHPS, and
increased the thermal stability of the enzyme. Increased solvation around the enzyme
leads to increased thermal stability. Therefore, increased thermal stability is suggestive
of exclusion of the osmolyte from the surface of the enzyme. The lack in change of the
secondary structure of DHPS in the presence of osmolytes suggests there are no
effective interactions of the osmolytes with the enzyme.
The effect of osmolytes on binding of the sulfa drug, sulfathiazole (STZ), was also
explored. The predictions from the calculated preferential interaction coefficients
concurred with the effects of osmolyte on the binding of STZ to DHPS. Thus, VPO studies
serve as an effective tool to understand weak interactions, and can complement
biophysical studies in evaluating the effects of osmolytes on ligand-enzyme binding. This
can be extended to interactions between osmolytes and protein surfaces, which can help
us predict the folding/unfolding of the protein in the presence of osmolytes. The weak
interactions between osmolytes and ligands or enzymes can also affect catalysis. The
functional groups addressed in our VPO studies are ubiquitously found on other
macromolecule surfaces such as proteins, DNA, RNA. Hence these studies could also
help us to predict the weak interactions between two different macromolecules or
between macromolecules and small molecules of the cell.

5.2.1 Osmolyte effects on pteroate with DHPS
Trehalose preferentially interacted with phosphate groups and excluded aromatic
carbons. The reverse is true for betaine where there is interaction of betaine with aromatic
carbons and exclusion from phosphate groups 6, 9, 15. Weakened binding of pterin
pyrophosphate to DHPS was seen in presence of trehalose, while tightened binding in
presence of betaine. When pABA was studied as a ligand, tighter binding was observed
in the presence of trehalose whereas binding was weakened in the presence of betaine.
The solvent exposed atoms on pteroate are predicted to preferentially interact with water
instead of trehalose. These groups will, however, preferentially interact with betaine
instead of water. So, it would be interesting to study the effect of trehalose and betaine
on pteroate binding to DHPS, as well as the next enzyme in the folate pathway,
dihydrofolate synthase.
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Structures are available for product bound BaDHPS, where pteroate occupies the same
position as the pterin and the pABA ring, participating in similar interactions as the
substrates in the active site 23. The calculated preferential interaction coefficient for
pteroate is 0.323 for trehalose and -0.430 for betaine. If trehalose and betaine were to not
affect the enzyme, then the binding of pteroate should follow the predicted preferential
interaction coefficient values, with weaker binding in the presence of betaine, but tighter
binding with trehalose.
Several pterin-sulfa conjugates that are analogs of pteroate are being explored as
effective drugs against DHPS 24. Understanding the preferential interactions of excipients
like trehalose and betaine with the sulfa drug-pteroate analogs will help us understand
the weak interactions of these excipients with the conjugate drug molecules. This will in
turn help us resolve the stability and aggregation propensity of these drug molecule in the
presence of excipients. It will also help with understanding the binding of the drug
molecules in complicated heterogeneous cellular environments, where many of the
molecules in the cell have similar functional groups as trehalose and betaine. We would
predict that similar weak interactions would occur between the pteroate analogs and
molecules of the cell that have the same functional groups as betaine and trehalose.

5.3 Can weak interactions predicted by in vitro experiments be
seen in in vivo cellular environments?
Two strategies were employed for determining if weak interactions affect the enzymes of
the folate pathway in vivo. The ability of an enzyme to rescue the cell from antibiotics, or
to restore auxotrophy to a cell with its enzyme knocked, out was determined. R67 DHFR
is resistant to the antibiotic trimethoprim (TMP), whereas chromosomal DHFR is sensitive
to it. Addition of TMP can thus be used to knockdown the activity of chromosomal DHFR.
The ability of R67 DHFR activity to allow the cells to grow in the presence of TMP and
sorbitol stress was accessed. With increasing sorbitol stress, R67 DHFR activity dropped
and the enzyme was unable to rescue the cells from TMP stress 12. This is likely because
of osmolyte interactions with dihydrofolate, preventing its association with R67 DHFR and
thus inhibiting catalysis and product formation with increasing osmotic stress.
In another strategy, the ability of the enzyme to rescue knockout cells against prototrophy
was studied. Cells with essential folate pathway enzyme genes knocked out were
procured. Rescued cells were made by reintroducing the gene for the enzyme in a pKTS
plasmid. The knockout cells were grown in minimal media with end products of the
reaction. The rescued cells were grown in minimal media with concentrations of
tetracycline needed for the induction of the enzyme. Three different folate pathway
enzymes were tested: R67 DHFR, MTHFR and SHMT. Knockout and rescued cells for
each enzyme were subjected to osmotic stress. For all the enzymes, the rescued cells
tolerated lower osmolality than the knockout cells 12. The rescued cells were dependent
on the activity of the rescuing enzyme to grow on minimal media. With increasing osmotic
stress, osmolytes in E. coli participate in weak interactions with the reduced folates and
cofactors of the enzymes. There has to be removal of not only the osmolytes, but also
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water, from the interface of the ligand or cofactor for the complex to form. This prevents
enzyme-ligand/cofactor association, lowering the formation of the essential product(s).
This was hypothesized to be one of the reasons for the decline of cell growth with
increasing osmotic stress. Knockout cells grown in supplemented media grew until there
was loss of water due to osmotic stress, and their growth was not dependent on a
particular enzyme activity.
Sorbitol and NaCl were both used as osmotic stressors. The titration of enzyme activity
was achieved with both the stressors, but NaCl stress was found to be more deleterious
for cell growth. We also changed the predominant osmolyte to betaine by adding 1 mM
betaine to our osmotic stress experiments 12. Titration of enzyme activity was achieved,
indicating that betaine and trehalose both interact with the ligands to prevent their
association with the enzyme. This was seen in the in vitro ITC and steady state kinetic
studies performed on R67 DHFR where trehalose and betaine increased the K d and Km
of DHF 4, 11.
The preferential interaction coefficient of trehalose with chorismate is positive. It was
predicted that chorismate would prefer to exclude trehalose. This would lead to reduction
in the desolvation penalty association with binding, and hence the binding of chorismate
would be tightened. The enzyme function should, therefore, not be affected in the
presence of trehalose, and titration of the enzyme activity should not be observed with
increasing osmotic stress. Chorismate mutase osmotic titration would thus serve as
negative control for the study. However, titration of enzyme activity was observed with
increasing osmotic stress 12. The chorismate mutase used in these experiments was a
hexameric mutant version, the rate determining catalysis step of which is not known. For
the in vivo osmotic stress experiments to work, the rate determining step (rds) of the
enzyme cannot be diffusion limited. If the rds is diffusion limited, then the K m, as well as
the kcat, of the enzyme will be affected in the presence of osmolytes. We are trying to
understand/capture the weak interactions that affect binding but do not want to affect the
turnover rate of the enzyme. For an enzyme where the chemical step is the rds, the effect
of weak interactions will be seen only on the Km/Kd of the ligand. Therefore, another
enzyme will be needed as a negative control for the in vivo titration of enzymatic activity
by osmolytes.

5.3.1 Complexity of the cell
Our in vivo osmotic stress studies have allowed us to titrate enzyme activity in the cell
with increasing osmotic stress. One reason that cell growth was titrated was the
preferential interaction of osmolytes with the ligands. However, the cell is heterogeneous
and complex in nature. The osmolytes produced in the cell can interact with the enzyme
under study. Our in vitro experiments have shown that biologically relevant osmolytes,
like trehalose and betaine, prefer to stay away from protein surface and stabilize them.
But in vivo these interactions may differ under osmotic stress. There can be interactions
between macromolecules, like other proteins and nucleic acids in the cell.
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Cascading effects have been reported with folate pathway enzymes. Inhibition of DHFR
by TMP leads to increase in DHF levels that can affect the glutamylation of folates 25.
Mathematical modeling has predicted that titration of DHFR activity will lead to a buildup
of DHF and lower of the concentrations of other reduced folates in the cell, indicative of
domino effects. However, these domino effects were not seen in mathematical models of
MTHFR and SHMT 12. This again points to the complexity of the pathway wherein
alterations to the main enzyme of a cycle can cause cascading effects and affect several
metabolites, but that may not be true for sub-pathways. These parameters need to be
considered while studying and interpreting factors that affect enzymatic reactions of the
cell.
One way to be sure of the effect of osmotic stress on enzyme activity would be to study
the level of reduced folate metabolites in the cell. Since the cell is a complex environment
enriched with weak interactions, many types of interactions are predicted (i.e., proteinligand, protein-protein, ligand-ligand, protein-osmolyte and ligand/cofactor-osmolyte). All
these interactions will feed into changing the activity of the enzymes in the cell.
Metabolomics performed with knockout and rescued cells subjected to several different
concentrations of sorbitol and NaCl stress would give us a quantitative value of the
reduced folates present in the cell under these conditions. If our hypothesis of
ligand/cofactor-osmolyte interactions is true within the cell, then the levels of reduced
folate that are associated with the enzyme under study would be altered in rescued cells
with respect to knockout cells. It can be predicted that the levels of the substrate would
increase, and product would decrease. If the levels of other folates that follow the enzyme
in the pathway increase or decrease in concentration in conjunction with the enzyme
products, then it would suggest cascading effects. In the case where osmolytes interact
with the enzymes, the metabolites levels should increase or decrease in both knockout
and rescued cells. Metabolomics studies to quantitate the folate levels in the cell have
been attempted before 25, yet these experiments are challenging due to the unstable
nature of folate metabolites.

5.3.2 Where does this take us?
We were able to demonstrate the titration of enzyme activity with increasing osmotic
stress. However, it is not clear yet whether the effects are universal to all enzymes of the
cell or if any enzyme of the cell is immune to the titration with respect to osmotic stress.
Thus, there is a need for a better negative control to understand our enzyme osmotic
stress studies. In Chapter 4, osmotic stress titrations were noted for folate pathway
enzymes and with chorismate mutase, which is indirectly associated into the folate
pathway. Chorismate is at the branchpoint that is responsible for pABA and aromatic acid
biosynthesis 26. Chorismate mutase funnels products into the folate pathway, meaning a
cascading effect could occur with other folate enzymes if less pABA is produced under
osmotic stress. Less pABA availability along with the rds for this chorismate mutase
mutant not being known, could be responsible for the osmotic effects on chorismate
mutase. We would like the negative control enzyme to not be directly or indirectly
associated with the folate pathway.
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It was found in Chapters 3 and 4 that trehalose prefers to interact with phosphate groups
whereas betaine is excluded by them. Thus, enzymes that process ligands that possess
phosphate groups would serve as potential negative control candidates on which the
osmotic titration studies can be conducted. Three candidates for the negative controls are
dihydropteroate synthase, triose phosphate isomerase and guanylate cyclase.
The preferential interaction values in Chapter 3 predict that trehalose will interact with
dihydropterin pyrophosphate (H2PtPP), while betaine will be excluded by the substrate.
When trehalose is the predominant osmolyte, we would expect that free H 2PtPP would
interact with the osmolyte, decreasing the amount bound to DHPS. This would lead to
lower growth of cells dependent upon DHPS for growth, as there will be lower enzyme
activity due to less substrate being bound. Conversely, when betaine is the predominant
osmolyte, H2PtPP would bind tighter to DHPS, increasing enzyme activity. This would
lead to DHPS-dependent cells surviving under higher osmolality stress conditions.
Therefore, we would predict that when betaine is the predominant osmolyte, DHPS would
act as a negative control. Thus, we performed our in vivo osmotic stress assay with
DHPS. In order to ensure lower expression of DHPS, we pessimized the sequence of the
E.coli folP gene, and complemented the knockout strains with the pessimized gene in the
pKTS vector. This approach can be juxtaposed with using optimized sequences to
increase protein expression levels. Construction of the pessimal folP sequence was done
in collaboration with Dr. Mike Gilchrist (University of Tennessee – Knoxville). Groups of
synonymous codons have different Ribosome Overhead Cost (ROC), which refers to the
pausing time between codons. A program designed by the Gilchrist lab compares these
groups of codons to find out which codons have the greatest or least pausing time. It then
groups the codons by fitness and uses the least fit codons to generate a pessimized
sequence (personal communication).
When performing the osmotic stress titration, the ΔfolP E. coli knockout strain did not
grow well in minimal media supplemented with the folate end products. We use several
different knockout and rescued strains (C600, BL21 and MG1655), but none grew well in
minimal media supplemented with folate end products. Knockout strains (ΔfolP) in a
MG1655 background barely grew in BV supplemented plates. Under osmotic stress, there
were a few colonies at 0.25 M sorbitol, and no growth was observed at higher sorbitol
concentrations. From the titrations, we note that the ΔfolP cells are quite sick and are
acutely sensitive to osmotic stress. Due to the poor growth of the knockout strain, we did
not have a control for the osmotic stress experiments (Figure 5.1A). Since DHPS is at
the top of the folate synthesis pathway, it may be that the cell lacks many folate species
and many enzymes are affected (i.e., domino effects, also seen with our mathematical
model for DHFR-see Chapter 4). Rescued strains in this background continued to grow
until 1-1.25 M sorbitol in BV supplemented media. Interestingly, the pessimal folP gene
apparently produces sufficient protein to rescue the cell even with no added tetracycline
(Figure 5.1B top panel). With addition of 10 ng/ml tetracycline, the cells grew until 1.25 M
sorbitol. If the pessimal sequence does result in low protein expression, this suggests that
very low DHPS activity is sufficient to rescue the knockout strain. Since we did not have
good controls and we were unable to lower DHPS levels in the cell, we decided to
discontinue our studies with pessimized DHPS.
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B

Figure 5.1: Sorbitol titration of dihydropteroate synthase
The concentrations of sorbitol are listed on top of the plates. A template depicting the position of
the cells is shown to the right. The knockout cell is labelled as ΔfolP. Two clones of the rescued
strain are labelled as ΔfolP+pKTS-folP1 & ΔfolP+pKTS folP3. To all the plates 50 µg/ml
kanamycin was added, while 100 µg/ml ampicillin was added to plates in panel B. A: Growth of
cells in BV minimal media plates supplemented with 50 µg/ml of thymidine, adenine, methionine,
glycine and panthothenate. B: Growth of cells in BV minimal media with 0 ng/ml tetracycline (top)
and 10 ng/ml tetracycline (bottom)
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Triose phosphate isomerase (TPI) catalyzes the reversible isomerization of
glyceraldehyde phosphate to dihydroxyacetone phosphate. The enzyme is classified as
a perfect enzyme with every substrate-enzyme encounter being catalyzed into product.
The rate determining step of the wild type enzyme is substrate diffusion. Since the
enzyme is highly efficient, it would be better to work with a mutant enzyme which has a
lower turnover number 27. As mentioned in Chapter 4, the level of enzyme in the cell
needs to be lower than the chromosomal level so that the enzyme activity can be
maintained in a selectable range and osmotic stress can be scored for its effects on K m
of the enzyme (see Figure 1.14). The E165D/S96P mutant of TPI has about 10-fold
difference in catalytic activity than the wild type 27. This mutant induced from pKTS vector
will ensure that the enzyme levels and activity are maintained in the selectable range. We
predict that with increasing osmotic stress, trehalose will interact with the phosphate
groups on the ligand and hinder its association with TPI thereby reducing its activity and
inhibiting product formation. A minimal media with glycerol as the sole carbon source
(M63) will need to be used so that knockout strains cannot grow without supplementation,
and rescue of knockout strains with TPI activity will allow the cells to grow on glycerol as
the carbon source. In the presence of osmotic stress, we predict that TPI activity will be
titrated with osmotic stress in minimal media where trehalose is the predominant
osmolyte. The same may not be true when the predominant osmolyte is betaine. Since
betaine is preferentially excluded from phosphate groups, glyceraldehyde phosphate will
bind tighter to the enzyme in the rescued strain. The rescued cells would be able to grow
to similar osmolalities as the control strains. This would serve as a negative control for
our osmotic stress experiments.
Another enzyme that can be explored for the same is diguanylate cyclase responsible for
the biosynthesis of c-di-GMP using two GTP molecules 28. We expect to see a similar
pattern with this enzyme if osmolyte interaction/exclusion from the ligands affects its
binding to the enzyme. The amount of c-di-GMP produced in the cells can be quantified
by mass spectrometry 29. The levels of c-di-GMP can be estimated under osmotic stress
in cells grown in minimal media and minimal media with 1 mM betaine. Trehalose will be
the predominant osmolyte in the first set of media whereas betaine will be the
predominant one in the second. This will help us to understand the weak interaction of
trehalose and betaine with GTP and its effect on the activity of diguanylate cyclase. c-diGMP is an important secondary messenger in the cell that is involved with motility,
virulence and biofilm formation 28. The alteration of the levels of this metabolite in
trehalose and betaine dominated environment in the cell will have interesting implications
in understanding bacterial physiology.
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5.3.3 Can pKTS vector and osmotic stress assay be used for
understanding the mechanism and efficacy of antibiotics?
5.3.3.1

Sulfa drug titration

Sulfa drugs are competitive inhibitors of dihydropteroate synthase. The drugs
competitively bind in the pABA binding pocket and results in the formation of a pterinsulfa conjugate product. The conjugate feeds into the folate pathway and results in the
formation of a dead-end folate products. Sulfathiazole binding to Staphylococcus aureus
DHPS has been monitored in minimal media with a minimum inhibitory concentration
(MIC) of 1.6 µg/ml sulfathiazole inhibiting growth by 80% 30. Similar experiments were
repeated with E. coli MG1655 and 1.6 µg/ml of STZ leads to inhibition of growth in M9
media. BaDHPS folP (DHPS gene) can be introduced in a pKTS vector and transformed
into E. coli MG1655. Addition of tetracycline should be able to rescue the cells from the
STZ. This would allow us to confirm that by increasing the enzyme concentration in the
cell, increased DHPS activity is enough to allow the growth of the cells in 1.6 µg/ml STZ.
Osmotic stress titrations can then be performed with E. coli MG1655 and E. coli MG1655pKTS BaDHPS folP. With increasing osmotic stress, it is predicted that in the control E.
coli MG1655, growth will be seen until 1.9 Osm, after which there is loss of cytoplasmic
water and growth ceases 31. When E. coli MG1655-pKTS BaDHPS folP are subjected to
osmotic stress and 1.6 µg/ml STZ, it is predicted that the cells will stop growing at much
lower osmolality. With increasing osmotic and STZ stress in these cells, it is predicted
that the osmolytes will interact with dihydropterin pyrophosphate and pABA in the cell
preventing them from binding to DHPS. Osmolytes will also interact with certain functional
groups on STZ, but it binds more tightly to the BaDHPS compared to pABA (see Chapter
3). Thus, even though osmolytes will also weaken STZ binding, it will be able to
outcompete pABA for the binding site. This would only be possible if STZ concentrations
are high enough in the cell to lessen the effect of osmolyte interactions with STZ. Another
condition for the experiment to work is that the levels of pABA must be lower than STZ.
There are a lot of unknown variables in this experiment.

5.3.3.2

Metformin Effects

Biguanides (phenformin, metformin and buformin) competitively inhibit E. coli
chromosomal DHFR with a Ki of 18 mM 32. In another study, metformin was found to alter
the folate pathway and methionine cycle in bacteria 33. The folate pathway begins with
dihydrofolate getting converted to tetrahydrofolate which goes through a series of one
carbon reactions to make important nucleotide precursors and amino acids along with
converting reduced folates in the cell. THF is converted to 10-formylTHF which can either
be used to form purine precursors or converted to 5,10-methenylTHF. THF can also be
converted to 5,10-methyleneTHF which can be converted to 5-methylTHF, which enters
the methionine cycle. Addition of metformin led to build up of DHF concentrations and
reduce the levels of THF in the bacterial cells. Reduction in the levels of 10-formylTHF
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and 5,10-methenylTHF were also reported. It can be predicted that addition of metformin
hampers the activity of DHFR leading to the reduction of the folate pool in the cell. On the
other hand, levels of 5,10-methyleneTHF and 5-methylTHF were increased. Thus, it can
be predicted that there is an increase of products from the methionine cycle. 5-methylTHF
is used in the methionine cycle to produce methionine. An interesting mutant with
increased resistance to metformin was discovered in these studies. The mutation was
reported to be in the glyA (serinehydroxymethyl transferase gene), though it wasn’t clear
if the mutation led to a gain or loss of activity of SHMT. Exposure of these mutants to
metformin had the same increase in methionine concentration, but the levels of DHF, THF
and 10-formylTHF were unaffected 33. Thus, the mutation of SHMT, and change in folate
pools, led to this resistance. In order to test whether SHMT is inhibited by metformin, we
conducted minimum inhibitory concentration assays using E. coli MG1655 (Figure 5.2).
Concentrations of 160 mM metformin inhibited the growth of E. coli MG1655. Addition of
thymidine to the minimal media did not rescue the cells from metformin stress, and the
cells did not grow at 160 mM of the drug. Thymidine is added to the cells to complement
the activity of thymidylate synthase which is responsible for recycling DHF back into the
folate cycle (see figure 1.2). Addition of glycine and serine rescued the cells from
metformin stress and were capable of growth until 180 mM metformin. Glycine and serine
are the reactants and products along with THF and 5,10-methyleneTHF for the SHMT
reaction. Thus, addition of glycine and serine, which are produced by SHMT, rescued the
cells from metformin stress. We extended these experiments to understand the effect of
metformin in parent strain and glyA deleted cells (Figure 5.3). Parent strain MG1655 had
a MIC of 160 mM, but the glyA knockout strain only grew to 120 mM metformin. Less and
slow growth was observed in 140 mM metformin after 40 hours. This again indicates that
metformin affected SHMT, as activity in the parent strains rescues the folate pool and
leads to growth of the cells until 160 mM metformin. Lower levels of metformin were
needed to inhibit growth of glyA deleted cells. In the future, glyA rescued strain can be
used to study these effects in detail. We can understand the cell growth in metformin
stress when different amounts of glyA are produced in the cell. With increasing SHMT
levels we would hypothesize that the level of metformin tolerated by the cells would
increase as compared to cells containing no SHMT. This can be done in rescued cells
containing the glyA-pKTS vector. Also, metabolomics can be performed to understand
the folate levels in the cell along with these experiments. Furthermore, osmotic stress
assays can be done to modulate SHMT activity in the cell and understand the effects of
metformin on the folate pathway.

5.4 Summary
This thesis has explored the effect of weak interactions of osmolytes with ligands and
enzymes of the folate pathway. We have extrapolated our results to understand these
weak interactions in the cell. Chapter 2 focuses on understanding the weak interactions
of trehalose with different functional groups that are ubiquitously found in the cell. This
has allowed us to predict weak interactions of trehalose with folate. We have used
atomistic interaction coefficients to predict that several osmolytes will interact with
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Figure 5.2: Effect of metformin on E. coli MG1655 grown in different medium supplements
E.coli MG1655 grew until 140mM in BV medium with no supplements. Additon of thymidine did
not alter the concentration that inhibited growth of cells. Addition of glycine and serine allowed
the cells to grow until 160mM.
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Figure 5.3: Growth on E. coli MG1655 and E. coli MG1655 ΔglyA in presence of metformin
ΔglyA cells were grown with glycine and serine supplements whereas parent strain was not given
any supplements.
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reduced folates of the cell. The interactions of osmolytes with one such folate pathway
enzyme, DHPS, was further studied in Chapter 3. The effect of weak interactions of
several osmolytes with the ligands of dihydropteroate synthase, as well as the effects of
osmolytes on the enzyme itself were measured. Each osmolyte increase, or decreased,
ligand binding in manner that was specific to the osmolyte and ligand; dependent upon
the atom types with which the osmolyte preferentially interacts. Dihydropteroate synthase
is a folate synthesis enzyme present in bacteria and serves as a major antibacterial drug
target. Thus, the effect of osmolytes on sulfa drugs that affect DHPS were calculated and
evaluated. We have used several biophysical, biochemical and computational technique
to interpret and refine our understanding of weak interactions. We have explored how
folate pathway enzymes behave in the midst of weak interactions and in the crowded cell
in Chapter 4. In this chapter, we have connected the entire thesis to explain how osmotic
stress affects cell growth and enzyme activity in vivo. These assays can be further
extended in the future to be used to score for candidates affected by drugs.
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